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ABSTRACT

We present the discovery of rotation in quenched, low-mass early-type galaxies that are
isolated. This finding challenges the claim that (all) rotating dwarf early-type galaxies
in clusters were once spiral galaxies that have since been harassed and transformed
into early-type galaxies. Our search of the Sloan Digital Sky Survey data within the
Local volume (z < 0.02) has yielded a sample of 46 galaxies with a stellar mass M⋆ .

5 × 109 M⊙ (median M⋆ ∼ 9.29 × 108 M⊙), a low Hα equivalent width EWHα < 2 Å,
and no massive neighbour (M⋆ & 3 × 1010 M⊙) within a velocity interval of ∆V = 500

km s−1 and a projected distance of ∼ 1 Mpc. Nine of these galaxies were subsequently
observed with Keck ESI and their radial kinematics are presented here. These extend
out to the half-light radius Re in the best cases, and beyond Re/2 for all. They reveal
a variety of behaviours similar to those of a comparison sample of early-type dwarf
galaxies in the Virgo cluster observed by Toloba et al. Both samples have similar
frequencies of slow and fast rotators, as well as kinematically decoupled cores. This,
and especially the finding of rotating quenched low-mass galaxies in isolation, reveals
that the early-type dwarfs in galaxy clusters need not be harassed or tidally stirred
spiral galaxies.

Key words: galaxies: dwarf, galaxies: kinematics and dynamics, galaxies: formation,
galaxies: evolution

1 INTRODUCTION

Early-type dwarf galaxies (dE/dS0s) are the dominant
galaxy type in galaxy clusters but are rare in the field
(Binggeli et al. 1988). The prevalent conclusion is that a
high density environment is essential for their formation.
Early-type dwarfs are characterised by B-band luminosity
fainter than MB > −18 mag (Mr > −19.3 mag), correspond-
ing to stellar masses below M⋆ < 5 × 109 M⊙ , early-type
morphology, and a predominantly quenched stellar popu-
lation. Some of them exhibit features usually connected
to discs, such as spiral arms and bars, as well as other
morphological signs of a disc (Binggeli & Cameron 1991;
Jerjen et al. 2000; Barazza et al. 2002; de Rijcke et al. 2003;
Geha et al. 2003; Graham & Guzmán 2003; Lisker et al.
2006a; Penny et al. 2014). Their average shape is typical of

⋆ Email: joachim.janz@gmail.com

a thick disc (Sánchez-Janssen et al. 2010). Often these fea-
tures are thought to be inherited from a disc-like progenitor.
While it is debated, whether structural decompositions can
be used to support or constrain such a transformation sce-
nario (Aguerri et al. 2005; Janz et al. 2012, 2014; Aguerri
2016), the significant rotational component found in the
kinematics of several early-type dwarfs (e.g. Pedraz et al.
2002; Geha et al. 2003, and many others since then) is some-
times understood as direct evidence for them being the rem-
nants of spiral or irregular disc galaxies, which were trans-
formed by the high density environment.

Physical processes that are thought to explain such
transformations via gas removal and dynamical heating un-
avoidably act in these environments due to the presence of
hot gas, a high density of galaxies, and deep potential wells
(i.e. ram pressure stripping and harassment; Gunn & Gott
1972; Moore et al. 1996). Recently, a large fraction of dwarf
galaxies in the Virgo cluster were shown to be rotating
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(Toloba et al. 2015). Similarly, Penny et al. (2016) found
that the majority of quenched dwarfs in the first year of data
from the MaNGA survey are also rotating, and many have
disc-like morphologies. This raises the question whether all
early-type dwarfs in galaxy clusters are transformed discs.

While early-type dwarfs in the field are rare, they do still
exist (e.g. Gu et al. 2006). The finding that such galaxies ro-
tate will invalidate the conclusion that rotating early-type
dwarfs necessarily were spiral galaxies that were then trans-
formed by the cluster environment. In fact, for the early-type
dwarfs in clusters it has been suggested that only the com-
bination of several different processes can explain the varied
properties of early-type dwarfs (see, e.g., Lisker 2009, for
an overview). These include the aforementioned ram pres-
sure stripping and harassment, but also starvation and tidal
stirring (e.g. Boselli et al. 2008; Mayer et al. 2001).

Another alternative (e.g. de Rijcke et al. 2005;
Janz & Lisker 2008, 2009) to the harassment of (more
massive) disc galaxies is particularly relevant when con-
sidering the quenched low-mass objects in low density
environments or isolation: In the ΛCDM model of the
Universe, low-mass dwarf galaxies are the first galaxies
to form. These semi-pressure supported systems are the
building blocks of massive galaxies in a hierarchically as-
sembling Universe. They may have preferentially formed in
over-dense regions that became galaxy groups and clusters.

More massive early-type galaxies often contain a sig-
nificant rotating disc (e.g., ATLAS3D, Emsellem et al.
2011; Scott et al. 2014, and references therein; SLUGGS,
Arnold et al. 2014; Foster et al. 2016). Nonetheless, not all
of these galaxies are thought to be transformed spirals. This
already indicates that the presence of a rotating disc in
early-type galaxies is not necessarily conclusive for a (more
massive) spiral progenitor. Like these higher mass early-
type galaxies, some early-type dwarfs too may have acquired
a disc around a pre-existing, possibly pressure supported,
(lower mass) progenitor (e.g., Graham et al. 2015, and ref-
erences therein), may have continuously grown from a fainter
disc (Tadaki et al. 2016), or may just have formed in a dissi-
pate collapse (e.g. Naab et al. 2014) to become dwarf lentic-
ular (dS0) galaxies.

In this study, we present a systematic search for isolated
quenched low-mass galaxies (Section 2), which allowed us to
select suitable candidates for follow-up spectroscopy (Sec-
tion 3). The data analysis is described in Section 4, and in
Section 5 we characterise the kinematics of our objects and
compare them to those of early-type dwarfs in the Virgo clus-
ter. Possible ways to form isolated galaxies like those in our
sample are discussed in Section 6. Moreover, the important
implications of our findings of rotating quenched low-mass
galaxies in isolation for the formation scenarios of early-type
dwarfs in clusters are highlighted in this Section.

2 SAMPLE SELECTION

We seek to identify low-mass galaxies in the Local Universe
that are quenched and located in very low density envi-
ronments. Geha et al. (2012) searched for isolated quenched
galaxies and found none below a stellar mass of M⋆ < 109

M⊙ , but more than 300 with a stellar mass of 109 M⊙ <

M⋆ < 1010 M⊙ . Following their methodology, we search for
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Figure 1. Colour-magnitude diagram for galaxies in the NASA
Sloan Atlas with z < 0.02 (D ∼ 86Mpc). Objects with lower red-
shift (z < 0.005) have been excluded from the plot. Quenched
dwarf galaxies in all environments with MB > −18 mag are
shown as blue points, those dwarfs with a projected separation
Dproj > 1 Mpc from their nearest bright neighbour within a ve-
locity interval of 500 km s−1 are shown as orange squares. Our
Keck ESI targets are shown as purple triangles. All targets fall
on the galaxy red sequence.

quenched galaxies in the mass regime of dwarf galaxies with-
out a close bright neighbour. The data and our selection
criteria are described below.

The large data volume of the Sloan Digital Sky Sur-
vey (SDSS, Eisenstein et al. 2011) spectroscopic sample is
utilised and queried via the NASA Sloan Atlas.1 Distances
are calculated based on the recession velocities and assum-
ing a Hubble flow (throughout our analysis we use H0 = 70

km s−1 Mpc−1, Ωm = 0.3, ΩΛ = 0.7). Our search covers
z < 0.02, comparable to the distance of the Coma clus-
ter (z = 0.0231; D = 100 Mpc). At the SDSS spectro-
scopic limit rPetrosian = 17.77 mag for galaxies, all targets
at z = 0.02 with spectroscopic redshifts will be brighter
than Mr = −17.11 mag. Generally the completeness will
vary as function of the position in sky and local galaxy den-
sity, but is better for less crowded fields. To restrict the
sample to low-mass galaxies, an upper stellar mass cut of
M⋆ < 2.45 × 109 M⊙ as listed in the NASA Sloan Atlas was
applied, corresponding to M⋆ < 5 × 109 M⊙ using H0 = 70

km s−1 Mpc−1 (the NASA Sloan Atlas employed H0 = 100

km s−1 Mpc−1). The central velocity dispersions were re-
quired to be smaller than σ < 100 km s−1, consistent with
dwarf galaxies previously examined in the literature. This
selects LMC mass and lower (see Penny et al. 2016). All
candidates in the final sample have B-band magnitudes of
MB & −18 mag, the classical demarcation line between nor-
mal and dwarf galaxies (e.g. Ferguson & Binggeli 1994).

To identify quenched objects we followed the prescrip-

1 http://www.nsatlas.org
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Figure 2. Histogram showing the projected separation of each
quenched dwarf in the NASA Sloan Atlas with z < 0.02 (blue

points in Fig. 1) from a luminous galaxy with MKs
<−23 mag

(M⋆ & 3 × 1010 M⊙) within a velocity interval of ±500 km s−1.
The majority of dwarfs are located at small separations from a
nearby luminous galaxy, with a mean projected separation Dproj =

0.36 Mpc.

tion of Geha et al. (2012), selecting galaxies with a strong
4000 Å break, Dn(4000) > 0.6 + 0.1 × log10(M⋆/M⊙), and lit-
tle or no Hα emission, with equivalent widths EWHα < 2 Å.
This requirement is met by 665 galaxies with a redshift of
z < 0.02, which lie on the red sequence (Fig. 1). We note that
we did not apply any morphological criterion, but this proce-
dure effectively removed late-type, dwarf irregular galaxies.
However, our selection criteria exclude a number of early-
type dwarfs with blue cores, e.g. objects like those in the
Virgo cluster classified as dE(bc) by Lisker et al. (2006b).
The NASA Sloan Atlas contains 31 of their 38 dE(bc)s, and
16 of them were excluded by our sample selection since they
have EWHα > 2 Å. We note that this potentially excludes
a higher fraction of early-type dwarfs in less dense environ-
ments, since these typically have blue cores and residual star
formation (e.g. Tully & Trentham 2008; Pak et al. 2014).
LEDA 2108986 (Graham et al. 2016) was initially excluded
at this stage, since it did not meet the limit in Hα equivalent
width (EWHα > 2 Å). We include this galaxy here, since
it is well isolated (Dproj = 3.33 Mpc), has a strong 4000 Å

break Dn(4000) = 1.24 Å, is rather faint (MB = −16.96 mag),
and has early-type morphology. Galaxies with clear signs of
spiral structures, an AGN, and star formation in the outer
regions (which was missed by the SDSS fibre), along with
any satellite trails, were manually removed after a visual in-
spection of their SDSS colour imaging. All galaxies finally
selected for spectroscopy are of smooth appearance devoid
of irregularities and mostly quite featureless.

From this sample of quenched low-mass galaxies we se-
lect those galaxies that are well separated (Dproj & 1 Mpc)
from massive neighbours (Table 1). Both the SDSS and the
2MASS redshift survey (Huchra et al. 2012) were queried for
bright neighbours with MKs

< −23 mag (see Geha et al.
2012; corresponding to M⋆ & 3 × 1010 M⊙ when assum-
ing a Ks-band mass-to-light ratio of unity) within a veloc-
ity interval of ±500 km s−1 around the recession velocity

of each low-mass galaxy. The projected distance between
the quenched dwarfs and their nearest bright neighbour was
converted to a physical scale assuming the distance of the
dwarf given by its recession velocity. These restrictions are
slightly less restrictive than those criteria for isolation used
by Geha et al. (2012). We discuss the differences, and also a
more restrictive choice of the massive neighbours luminosity
(MKs

< −21.5 mag) in Section 6.1.
The closest neighbour distance limit excluded the ma-

jority of quenched low-mass galaxies (mean projected sepa-
ration to nearest bright neighbour Dproj = 0.36 Mpc; Fig. 2),
which are located in groups and clusters, and resulted in a
sample of 46 candidates of isolated, quenched dwarf galaxies
(highlighted as blue points in Fig. 1). The median distance
in projection to the closest bright neighbour beyond 1 Mpc
for this sample is 1.85 Mpc, and the median velocity differ-
ence relating to that neighbour is |∆V | = 222 km s−1.

From this sample suitable targets were chosen so that
their surface brightness allowed us to measure extended ro-
tation curves with reasonable integration times, and that
the observations were not hampered by bright foreground
or background objects. For comparison we also calculate
their stellar masses from the absolute r-band magnitudes,
assuming a mean stellar age of 5 Gyr (comparable to
quenched dwarfs in the Virgo Cluster, see Toloba et al.
2014a), [Fe/H] = −0.33 and a Kroupa initial mass function
(see Table 1). The median stellar mass for the spectroscopic
sample is M⋆ ∼ 4 × 109 M⊙ . Fig. 3 shows the nine galaxies
(upper part of Table 1) for which we obtained spectra.

We note that one of our targets (CGCG038-085) was
classified as a member of a galaxy group by Berlind et al.
(2006) and has a neighbouring galaxy with a angular sep-
aration of 48′′ corresponding to 36 kpc at the group dis-
tance. The recession velocity of the target listed by NED
suggests it is a group member. However, the SDSS spec-
trum and our analysis place the object clearly in the fore-
ground with respect to the group (∆V > 7000 kms−1 with
a velocity dispersion of the group of 57 kms−1). Fuse et al.
(2012) list VIIIZw040 and LEDA 2108986 as extremely iso-
lated early-type galaxies. The study mentions two compan-
ion galaxies fainter than MV = −16.5 mag for the latter.
While we could not determine with certainty, which galax-
ies were meant, we found the two nearest neighbours (with
Mr = −15.28 mag and Mr = −15.78 mag) to be well separated
with projected distances of 2.0 and 2.1 Mpc, respectively.
Other galaxies with smaller angular separations are in back-
ground. CGCG101-026, LEDA 2108986, and VIIIZw040 are
also listed as isolated galaxies by Argudo-Fernández et al.
(2015), with separations from their closest neighbour of 2.01,
2.03, and 2.41 Mpc, respectively. In these cases, the closest
neighbouring galaxies are fainter than our limiting magni-
tude of MKs

< −23 mag.

3 DATA

We observed 9 of the quenched, isolated low-mass galaxies
(Table 1) with the Echellette Spectrograph and Imager (ESI,
Sheinis et al. 2002) on the Keck II telescope on 2016 January
11th and 2016 March 14th. ESI was used in the echellette
mode with a slit width of 0.′′75. This setup results in a spec-
tral coverage of ∼4000 to 10000 Å across ten echelle orders,

MNRAS 000, 1–16 (2017)
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Figure 3. SDSS r-band images of the galaxies in our spectroscopic sample. An angular scale of 10′′ is provided in the lower right corner
of each panel together with the corresponding physical scale. North is up and East is left.

and a velocity resolution of σ ∼25 km s−1. The galaxy centre
was put in the middle of the slit which was aligned with the
galaxy’s major axis. The integrations for each object were
split into at least three individual exposures. Total exposure
times, position angles, and observing conditions are sum-
marised in Table 2. Furthermore, we obtained several stellar
spectra with the same setup. In each run we observed one
star to trace the echelle orders in the reduction process, as
well as velocity standards to be used as templates for mea-
suring the kinematics. This template library was augmented
by spectra of velocity standards from previous runs so that
our stellar library comprises in total 16 standards, spanning

spectral types from O9V to K7V with a range of metallici-
ties and containing larger numbers of standards for the later
spectral types.

We prepared master frames of the necessary calibrations
(internal flat fields, bias, arc lamps) by combining the two-
dimensional spectra with the imcombine task in IRAF. The
subsequent data reduction was then carried out with ma-

kee.2 The pipeline subtracts the bias from the science spec-
tra and divides them by the flat field. It traces the echelle

2 Written by T. Barlow, http://www2.keck.hawaii.edu/inst/esi/makee.html.
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Table 1. Sample of isolated quenched low-mass galaxies.

Galaxy PGC RA Dec Type MB,tot log10(M⋆/M⊙) closest luminous neighbour
D500 |∆V500 | D1000 |∆V1000 |

[h:m:s] [d:m:s] [mag] [Mpc] [km s−1] [Mpc] [km s−1]

LEDA 3115955 3115955 02:05:46.37 +00:37:33.8 E −18.10 ± 0.35 9.73 1.67 13
2MASX J03190758+4232179 2200915 03:19:07.58 +42:32:17.9 – −17.41 ± 0.34 9.43 0.94 130
LCSBS1123P 1719550 08:17:15.93 +24:53:56.8 E −15.17 ± 0.27 8.61 1.17 152
2MASX J08192430+2100125 23346 08:19:24.30 +21:00:12.5 E? −17.51 ± 0.41 9.75 1.00 314 0.11 987
VIIIZw040 25889 09:11:05.58 +09:20:58.5 E(R) −17.63 ± 0.37 9.52 3.78 455
CGCG038-085 33187 11:00:41.76 +04:07:29.6 E −17.73 ± 0.40 9.63 2.03 75
2MASX J11521124+0421239 1267103 11:52:11.24 +04:21:23.9 E −17.62 ± 0.43 9.58 4.48 292 1.38 662
CGCG101-026 46516 13:20:06.92 +14:32:35.7 ES0 −18.04 ± 0.25 9.68 2.40 263
LEDA 2108986 2108986 15:03:15.57 +37:45:57.2 ES0 −16.96 ± 0.38 9.24 3.07 21

J001212.41–110010.4 3099480 00:12:12.41 –11:00:10.4 – −16.04 ± 0.36 8.77 3.71 387 1.51 509
J001530.03+160429.7 1500123 00:15:30.03 +16:04:29.7 – −15.91 ± 0.40 8.91 1.63 211
J001601.19+160133.4 212493 00:16:01.19 +16:01:33.4 Sb −17.67 ± 0.45 9.62 1.76 41
J012506.69–000807.0 4131836 01:25:06.69 –00:08:07.0 – −15.58 ± 0.39 8.67 1.35 31
J013842.89–002053.0 1145615 01:38:42.89 –00:20:53.0 E −16.75 ± 0.40 9.15 1.54 87
J045058.77+261313.7 1767757 04:50:58.77 +26:13:13.7 – −15.82 ± 0.40 9.84 1.94 280 1.83 661
J075303.96+524435.8 3724966 07:53:03.96 +52:44:35.8 E −17.21 ± 0.50 9.38 1.04 63
J082013.92+302503.0 1902931 08:20:13.92 +30:25:03.0 E −17.23 ± 0.35 9.37 2.94 102
J082210.66+210507.5 1642425 08:22:10.66 +21:05:07.5 – −15.40 ± 0.41 8.72 1.02 453 0.36 551
J084915.01+191127.3 4572078 08:49:15.01 +19:11:27.3 – −15.67 ± 0.29 8.59 3.72 373 0.11 526
J085652.63+475923.8 2308331 08:56:52.63 +47:59:23.8 E −17.29 ± 0.34 9.34 3.67 277
J091514.45+581200.3 26096 09:15:14.45 +58:12:00.3 E −17.66 ± 0.38 9.57 6.90 350 3.61 714
J091657.98+064254.2 3456113 09:16:57.98 +06:42:54.2 E −17.55 ± 0.35 9.52 2.56 211
J093016.38+233727.9 1690666 09:30:16.38 +23:37:27.9 E −16.83 ± 0.28 9.19 2.27 416
J093251.11+314145.0 3743536 09:32:51.11 +31:41:45.0 E −17.74 ± 0.35 9.52 3.30 191
J094408.52+111514.8 3531658 09:44:08.52 +11:15:14.8 Sb −17.91 ± 0.35 9.63 2.77 320 0.34 922

J094834.50+145356.6 1469954 09:48:34.50 +14:53:56.6 E −17.80 ± 0.59 9.84 1.41 6
J100003.93+044845.0 1273634 10:00:03.93 +04:48:45.0 E −15.76 ± 0.37 8.88 1.24 80
J105005.53+655015.6 3097669 10:50:05.53 +65:50:15.6 E −16.68 ± 0.30 9.01 5.66 400
J110423.34+195501.5 3765330 11:04:23.34 +19:55:01.5 E −15.43 ± 0.35 8.62 1.07 11
J112422.89+385833.3 4098131 11:24:22.89 +38:58:33.3 – −12.94 ± 0.50 7.87 1.30 354 0.06 925
J114423.13+163304.5 213877 11:44:23.13 +16:33:04.5 E −17.88 ± 0.37 9.71 1.47 386 0.02 549
J120300.94+025011.0 1238733 12:03:00.94 +02:50:11.0 E −17.46 ± 0.52 9.72 1.06 55
J120823.99+435212.4 2231154 12:08:23.99 +43:52:12.4 E −17.61 ± 0.32 9.66 4.42 230
J122543.23+042505.4 1267954 12:25:43.23 +04:25:05.4 Sb −17.80 ± 0.38 9.66 3.24 261 2.08 804
J124408.62+252458.2 1735700 12:44:08.62 +25:24:58.2 E −17.61 ± 0.49 9.62 1.11 421
J125026.61+264407.1 1786738 12:50:26.61 +26:44:07.1 E −16.72 ± 0.31 9.04 1.05 353
J125103.34+262644.6 94058 12:51:03.34 +26:26:44.6 E −17.61 ± 0.30 9.46 1.21 180
J125321.68+262141.1 1773332 12:53:21.68 +26:21:41.1 Sc −17.54 ± 0.38 9.40 1.05 382
J125756.52+272256.2 126848 12:57:56.52 +27:22:56.2 E −16.58 ± 0.29 9.12 1.17 215 0.32 836
J125940.10+275117.7 44654 12:59:40.10 +27:51:17.7 S0a −16.94 ± 0.29 9.45 4.20 123 0.23 790
J130320.35+175909.7 4352778 13:03:20.35 +17:59:09.7 E −13.05 ± 0.02 7.73 1.04 164 0.96 553
J130549.09+262551.6 1775990 13:05:49.09 +26:25:51.6 E −16.95 ± 0.31 9.22 2.02 39
J142914.46+444156.3 51753 14:29:14.46 +44:41:56.3 S0 −17.81 ± 0.28 9.60 2.51 243
J144621.10+342214.1 52741 14:46:21.10 +34:22:14.1 S0 −17.58 ± 0.32 9.63 6.25 460 3.89 926
J160810.70+313055.0 1950976 16:08:10.70 +31:30:55.0 E −17.74 ± 0.41 9.55 5.52 72
J232028.21+150420.8 1474455 23:20:28.21 +15:04:20.8 – −17.61 ± 0.34 9.53 1.02 438 0.84 559

Notes: The first four columns list the galaxy name (for the objects with the 2MASX designation we use abridged versions of the
name throughout the paper), its number in the PGC, and its coordinates (equinox J2000). The galaxy classifications (column 5)
and total B-band magnitudes (column 6; extinction corrected) are from HyperLEDA. The distances for the absolute magnitudes
are calculated using the recession velocities (from SDSS and our updated values for the galaxies above the line). Column 7 lists
the stellar mass (see text). The closest bright neighbour within a velocity interval of ±500 km s−1 is extracted from a combined
catalogue containing redshifts from the NASA Sloan Atlas and the 2MASS redshift survey. The projected (linear) distance between
the neighbour and the low-mass galaxy and the difference between their recession velocities are given in columns 8 and 9. If there
is an additional closer neighbour within a velocity interval of ±1000 km s−1, the corresponding details are listed in columns 10 and
11. Keck ESI spectroscopy is presented for the galaxies above the line in Section 4.2.

orders with a bright trace star and extracts one-dimensional
spectra for each order in spatial apertures that can be de-
fined by the user.

To obtain spatially resolved kinematics, we extracted
spectra from apertures with a width of 0.′′9 along the
slit, which corresponds to the average FWHM of the see-
ing. The first extraction is centred on the galaxy, while
the next ones were extracted from increasingly larger radii
to both sides. The largest angular extent was probed for
2MASX J08192430, for which we extracted 5 spectra on each

side of the central spectrum. In this case the apertures fur-
thest away from the galaxy centre are twice as wide as the
other to improve the signal-to-noise (S/N).

The spectra were wavelength calibrated using the
known emission lines of the arc lamps and the night sky.
The pixel uncertainties were calculated for each of the spec-
tra. Finally, the extracted spectra from individual exposures
were coadded for each aperture in a S/N optimised manner,
with a minimum final signal-to-noise of S/N & 7 Å−1 be-
ing required for consideration further analysis. We display

MNRAS 000, 1–16 (2017)
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Table 2. Observing log.

Galaxy Run Exp. time PA Seeing
[min] [deg] [arcsec]

LEDA 3115955 15B 90 39 1.0
2MASX J03190758 15B 60 72 0.9
LCSBS1123P 15B 120 178 1.1
2MASX J08192430 15B 90 50 0.8
VIIIZw040 16A 40 14 0.8
CGCG038085 16A 120 84 0.7
2MASX J11521124 15B 90 156 0.8

CGCG101026 16A 60 159 0.9
LEDA 2108986 16A 75 158 0.8

Notes: The second column indicates during which run the
spectra were taken, the third and fourth column list the total
integration time and the position angle of the slit (PA; East of
North), while the fifth column gives the FWHM of the seeing.
During the 16A run the conditions were variable.

Table 3. Photometry and other imaging measurements.

Galaxy Mr Re ǫ g − i

[mag] [arcsec] [mag]

LEDA 3115955 −19.30 3.9 0.39 1.03
2MASX J03190758 −18.54 5.2 0.42 1.11
LCSBS1123P −16.48 7.4 0.25 0.98
2MASX J08192430 −19.00 13.2 0.47 1.09
VIIIZw040 −18.72 2.6 0.07 1.12
CGCG038-085 −19.17 7.0 0.10 1.05

2MASX J11521124 −18.76 3.2 0.17 1.02
CGCG101-026 −19.00 4.4 0.29 0.99
LEDA 2108986 −18.17 3.4 0.11 1.04

Notes: The absolute magnitudes and half-light radii are
listed in the second and third columns. The ellipticities (fourth
column) are calculated from the SDSS (DR12, Alam et al.
2015) adaptive image moments in the i-band (which has the
PSF with smallest FWHM) and corrected for the PSF. The
g − i colours in the fifth column are 7′′ aperture colours from
the SDSS corrected for Galactic reddening.

the spectra in the Ca ii triplet spectral region of the central
extraction for each of the galaxies in Fig. 4.

SDSS images are available for all of the targets. We used
the background subtracted, calibrated images (see Fig. 3) of
data release DR12 (Alam et al. 2015) for the photometry
and other imaging based measurements (see next Section).

4 ANALYSIS

4.1 Imaging based quantities

For our analysis we need measurements of the brightnesses,
colours, sizes, and ellipticities of the galaxies. These were
obtained by analysing SDSS images as provided by the DR12
pipeline and by querying the SDSS database. More details
are given in the following paragraphs.

For the photometric and size measurements in the
r-band images, we followed an approach similar to
Janz & Lisker (2008). First, the elliptical Petrosian aper-
ture, i.e. the ellipse at which the isophotal intensity drops

to 0.2 times the average intensity within that aperture, was
determined. Second, the flux, and the semi-major axis con-
taining half that flux (a50, for which we use the notation Re

hereafter), were measured within an aperture with twice the
Petrosian semi-major axis. Those values were corrected for
flux missed by this aperture using concentration measures
and the formulae provided in Graham et al. (2005). The
fluxes were corrected for Galactic extinction (Schlegel et al.
1998, as provided by the SDSS database), and converted to
absolute magnitudes based on the distances determined as
detailed below.

These size measurements systematically differ from
those (circular) Petrosian R50 listed in the SDSS database.
In order to test the reliability, and to verify our sizes, we also
fit Sérsic models to the galaxies with galfit (Peng et al.
2010) using models for the point-spread function (PSF) cre-
ated with SExtractor (Bertin & Arnouts 1996) and PS-

Fex (Bertin 2011). The non-parametric size measurements
and the half-light radii from the Sérsic model fits are consis-
tent with each other with an average deviation of 6% (when
disregarding two galaxies, which were not well fit with this
model, resulting in n > 4; e.g. because of a two-component
structure). For the further analysis the non-parametric mea-
surements are adopted.

The ellipticities are calculated from the adaptive image
moments in the i-band (which has the smallest FWHM),
provided by the SDSS pipeline, taking into account the PSF
(see Bernstein & Jarvis 2002). These ellipticities agree with
those from the Sérsic model fits to the r-band images (also
taking the PSF into account) within 12%, (excluding one
further outlier, 2MASX J03190758, for which the deviation
is due to radial variations of the ellipticity). Both ellipticity
measurements are light-weighted so that they are a proxy
for the light-weighted average ellipticity within Re. For the
ellipticities we also adopt the non-parametric measurements.
We also ran the IRAF ellipse task to measure the elliptic-
ities at Re for comparison. For all but two galaxies these
ellipticities were compatible within the uncertainties with
those that we adopted.3

Finally, g− i colours are obtained for the sake of a com-
parison with the sample of Virgo early-type dwarfs. For that
we queried the SDSS catalog for 7′′ aperture colours and
corrected them for Galactic reddening. The measurements
described in this Section are summarised in Table 3.

4.2 Kinematics

The recession velocity and velocity dispersion are deter-
mined with pPXF (Cappellari & Emsellem 2004). The code
simultaneously determines the velocity shift and broadening
by velocity dispersion, while finding the best-fitting template
as a linear combination of the spectra in the template library
by using a penalised pixel-fitting method. In our case, the

3 The exceptions LEDA 3115955 and 2MASX J08192430 (with
ellipticities at Re of ∼0.29 and 0.61, respectively) are shifted in
the v/σ and λ versus ellipticity diagrams in Section 5 when these
ellipticities are used, but this does not change the conclusions. We
also note that the comparison sample uses the average ellipticities
within Re.
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Figure 4. Spectra of the central aperture for all galaxies in the Ca ii triplet spectral region. The black and red lines are the observed
spectrum and the pPXF fit, respectively, while the Monte Carlo realisations of the observed spectra are plotted in grey.

library consists of velocity standard stars observed with the
same setup.

For the fitting two spectral ranges in different echelle
orders with a number of metal absorption features are used.
These were the ranges containing the Mgb and Ca ii triplets
(5100 Å < λ < 5400 Å and 8480 Å < λ < 8710 Å in the
rest frame), both of which also contain several weaker iron
absorption lines. In order to obtain estimates for the uncer-
tainties we ran Monte Carlo simulations of the fitting pro-
cess by altering the observed spectra by addition of Gaussian
noise according to their pixel uncertainties. The final values
for the velocities and the central velocity dispersions are the
weighted averages (with the inverse variance of the individ-
ual values) from the fits in the two independently fit spectral
regions. The uncertainties of these values take into account
those of the individual measurements as well as discrepan-
cies between them by quadratically adding them (for the
velocities: in Table 4 the difference between the Mg and Ca,
while in the rotation curves just the difference of the shifted
values). The spectra and pPXF fits for the central apertures
for the Ca ii triplet are displayed in Fig. 4.

In all galaxies we required the extracted spectrum of
each aperture to have S/N & 7 Å−1 for the velocity informa-
tion to be considered in the further analysis. Furthermore,
the two independently fit spectral ranges had to yield con-
sistent results. Small systematic offsets in the velocities be-
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Figure 5. Relative error versus input σ for the Monte Carlo
simulation described in Section 4.2. The contours are the 1-σ
scatter for the results of the S/N = 50 (blue), 20 (green), and 10
(orange) per pixel runs, and the black points indicate the results
for the simulation with S/N = 30 per pixel. Our central velocity
dispersions with S/N>10 have uncertainties smaller than 10%.

tween the two spectral ranges were subtracted by determin-
ing the offset from the weighted average for each of them
in the central aperture with the highest S/N. The central
aperture was also used to derive the central velocity dis-
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persion σcen. Geha et al. (2002) found that it is feasible to
reliably measure (with an accuracy of 1%) velocity disper-
sions at the instrumental resolution with a similar setup
and S/N = 10 pix−1 (and with an accuracy of 10% down
to σ ∼ 18.5 kms−1).

We qualitatively confirm this σ limit for our ESI in-
strumental setup with our own idealised Monte Carlo sim-
ulation to determine the minimum velocity dispersion that
can be recovered by pPXF. One of our spectroscopic stan-
dard stars, HR1015, which was observed using an identical
instrumental setup to our target galaxies, is used as a mock
galaxy spectrum for this simulation. To simulate an observed
galaxy, this simulation takes this high S/N standard star
spectrum and over-samples it by a factor of 10. This over-
sampled template is then convolved with 1000 different val-
ues of σtest between 5 km s−1 and 100 km s−1, to simulate
galaxies with different velocity dispersion. The simulation
then adds noise to the oversampled spectrum until the re-
quired S/N per original pixel is met. This broadened, noise
added, normally sampled spectrum is then used as a mock
galaxy spectrum, with the original, high S/N, un-broadened
spectrum used as a template by pPXF (i.e. the simulation
does not take into account possibly template mismatches).
pPXF is then run to test how well the artificial velocity
broadening was recovered. The results of this simulation are
shown in Fig. 5 for four different S/N ratios (10, 20, 30, and
50 per pixel).

The spectra in the central apertures have at least S/N ≥

10pix−1, in both spectral ranges (in most cases larger by
some), for all our observations, and we note that all the
measured central velocity dispersions exceed the instrumen-
tal resolution (σinstr ∼ 25 km s−1), and are thus reliable. We
also note that the central velocity dispersions are consistent
within the errors with those listed in the SDSS database for
all galaxies but those with the most significant rotation (see
below). The higher values in SDSS in these cases reflect the
larger spatial coverage of the SDSS fibre (3′′ and 2′′ for the
SDSS and BOSS spectrographs, respectively).

4.3 Harmonisation of kinematics

A comparison of the rotation curves for our sample, and
ultimately with the kinematics of early-type dwarfs in the
Virgo cluster, needs to be carried out in a consistent way.
The rotation curves, e.g. for exponential discs, are expected
to be rising up to 2.2 scale lengths (Freeman 1970), i.e. be-
yond the typical extent of our measurements and those in
the literature. Therefore, the rotation amplitude at a com-
mon radius is used. We chose the galaxy half-light radius Re,
as also done by Toloba et al. (2015) for the Virgo dwarfs.

Not all of our rotation curves reach Re, nor do they uni-
formly sample the rotation amplitude at that radius, i.e. the
apertures from which the spectra were extracted do not cor-
respond to equal physical scales for different galaxies. For
inter- and extrapolation of the rotation curves at Re we fit
model rotation curves (Fig. 6) parametrised by the Polyex
function suggested by Giovanelli & Haynes (2002):

Vpoly(R) = V0

{

(1 − e
−R/RPE ) × (1 + αR/RPE)

}

, (1)

with the rotation amplitude V0. The scale length of the steep
inner rise RPE, and the slope in the slowly varying outer

Table 4. Spectroscopic measurements.

Galaxy V D σcen Vrot,e 〈σ〉e

[km s−1] [Mpc] [km s−1] [km s−1] [km s−1]

LEDA 3115955 5808 ± 11 83.0 88 ± 1 27 ± 2 89 ± 1

2MASX J03190758 4076 ± 27 58.2 64 ± 2 19 ± 3 64 ± 2

LCSBS1123P 1905 ± 7 27.2 28 ± 1 5 ± 1 29 ± 1

2MASX J08192430 3894 ± 14 55.6 51 ± 1 69 ± 4 60 ± 2

VIIIZw040 3662 ± 13 52.3 99 ± 3 1 ± 3 99 ± 3

CGCG038-085 3692 ± 8 52.8 94 ± 1 74 ± 13 100 ± 3

2MASX J11521124 5270 ± 13 75.3 69 ± 1 19 ± 3 70 ± 1

CGCG101-026 3627 ± 10 51.8 48 ± 3 49 ± 3 53 ± 3

LEDA 2108986 2546 ± 4 36.4 36 ± 2 8 ± 4 37 ± 2

Notes: The heliocentric recession velocities (second column)
are used to calculate the distances in the third column, assum-
ing a Hubble flow with H0 = 70 km s−1 Mpc−1. The recession
velocities and central velocity dispersions (fourth column) are
weighted means of the fits to the Ca ii and Mgb triplet spec-
tral regions, the uncertainties give the statistical uncertainties
(see text). The fifth column lists the rotation velocity at Re

of the Polyex model with the asymptotic standard error es-
timate from the Levenberg-Marquardt fitting algorithm (for
LEDA 2108986 the alternative model fit, shown with a green
curve in Fig. 6, results in Vrot,e = 18 ± 1 km s−1). The final col-
umn lists the integrated 〈σ〉e within Re, assuming the Polyex

rotation curve, a constant σ, and a Sérsic index of the sur-
face brightness profile of n = 2 along with the propagated
uncertainties from Vrot,e and σcen (see text).

parts α are not well constrained by our data with its ra-
dial limitations. Catinella et al. (2006) fit Polyex models to
a large number of rotation curves of disc galaxies and co-
additions thereof, increasing the radial coverage to several
exponential scale lengths h. They concluded for low lumi-
nosity galaxies α ∼ 0.02 and RPE ∼ h. In our fits we use
these values as fixed parameters (with h ≈ 0.6 Re for ex-
ponential profiles) leaving only the rotation amplitude as a
free parameter. We note that the Polyex model is a ver-
satile phenomenological model used for rotating discs and
that we use the galactic size and we do not try to separate
possibly embedded discs. This approach was also followed
by Toloba et al. (2015), who confirmed the applicability of
these approximations for the rotation curves of early-type
dwarfs in their sample with larger radial extent. For these
objects Toloba et al. also compared the rotation amplitudes
obtained from fits to the whole rotation curve with those
from fits with an artificial restriction to R < 0.6 Re. The good
agreement suggests that our extrapolations of the rotation
curves to Re for those objects with less extent is reasonable.

The velocity dispersion profiles of early-type dwarf
galaxies are generally flat (e.g. Geha et al. 2003;
Chilingarian 2009; Forbes et al. 2011; Ryś et al. 2014;
Toloba et al. 2015; Penny et al. 2015, as expected for
systems with low Sérsic n, see Graham & Colless 1997;
Terzić & Graham 2005). The objects in our sample for
which we can extract radial information of the velocity
dispersion confirm this within the uncertainties. For the
further analysis we chose to use for all galaxies the ve-
locity dispersion measured in the central aperture with
the highest S/N. We note that this would also be the
dominating contributor, if the velocity dispersion was
averaged over larger radial extent when weighting with the
luminosity. The observed flat velocity dispersion profiles
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also suggest that the central value is not severely biased
by the potentially different velocity dispersion of a nuclear
star cluster (as, e.g., in NGC 205; Carter & Sadler 1990;
see also Forbes et al. 2011).

When comparing rotation and random motions we
adopt a similar approach to Toloba et al. (2015). As de-
scribed above, we quantify the rotation as the amplitude of
the best fitting Polyexmodel at Re. The rotation is compared
to a luminosity-weighted average of the second moment of
the velocity field 〈σ〉 (with contributions from both the
random motions and the rotation, see below). Toloba et al.
(2015) achieved this by measuring the broadening of absorp-
tion lines on spectra, which were obtained by luminosity-
weighted co-adding the spectra from within Re on both sides
of the galaxy centre. However, for finding the average broad-
ening along the slit within −Re<R<+Re, we are limited by
the radial extent of our observations. Instead of collapsing
the spectra within such a large aperture, we calculated our
values 〈σ〉e based on the Polyex model fits and the assump-
tion that the velocity dispersion is independent of the radius
(see above):

〈σ〉2e =

∫

+Re

−Re

V
2
poly

(R)I(R)dR

/ ∫

+Re

−Re

I(R)dR + σ
2
cen (2)

The relative contribution of the rotation to the luminosity-
weighted average depends on the surface brightness profile.
We numerically carry out the weighted average assuming dif-
ferent surface brightness profile shapes. For this the surface
brightness profile is parametrised by a Sérsic profile and we
consider cases with indices ranging from n = 1 to 4, a range
which easily contains those indices expected for our galaxy
sample. We list the averages for n = 2 and summarise all
measurements described in this Section in Table 4.

Furthermore, we calculate the spin parameter λe
(Emsellem et al. 2007) in the following way, with

λe,1D =

∑

i

FiRi |Vi |

/

∑

i

FiRi

√

V2
i
+ σ2

i
(3)

summing over several apertures along the slit within Re,
with the flux in an aperture Fi , its radial distance to the
galaxy centre Ri, and its rotation velocity and velocity dis-
persion Vi and σi. Again, due to the unequal sampling
of the rotation with small numbers of apertures, we base
our λe calculation on the model rotation curve, the as-
sumption of a spatially constant velocity dispersion, and
a Sérsic light profile (i.e. Vi = Vpoly(Ri), σi = σcen, and

Fi = Fe ∗ exp
(

−bn

[

( R
Re

)
1
n − 1

] )

, where the flux at the half-

light radius Fe cancels out in the calculation of λe and we
take an lower and upper extreme Sérsic index n = 1 and
n = 4 to estimate its influence). Toloba et al. (2015) ap-
plied a factor to convert the long-slit information to a value
mimicking a measurement integrated over the whole half-
light aperture, corresponding to what integral field spec-
troscopy would measure: λe = 0.64 λe,1D. This factor was
determined from comparisons of modelled long-slit parame-
ters and corresponding two-dimensional quantities using re-
alistic velocity fields and surface brightness distributions (see
Toloba et al. 2015). For maximal comparability, we employ
the same factor.

5 RESULTS

We obtained rotation curves for 9 isolated quenched low-
mass galaxies (Fig. 6). For three galaxies their extent is equal
to or exceeds Re. For two galaxies, ∼ 0.7 Re are reached,
while for the remaining four Re/2 is covered. In the following
sections we present the results in more detail and compare
them to those for a sample of Virgo cluster dwarfs.

5.1 Variety of rotation profiles

At first we are interested in an internal comparison of the
rotation curves within our sample. For that we correct the
rotation velocity for the inclination, which is estimated by
the axis ratio, and normalise it to the central velocity dis-
persion, and likewise the radii to Re (Fig. 7). Instead of a
clear pattern arising, a range of different behaviours can be
seen. There are rather rapidly rising curves, as well as very
flat ones for objects that basically do not rotate.

Since this information is extracted from slit spectra, ro-
tation could be missed when the rotation is misaligned with
the major axis. Also, the slit could be misaligned when the
position angle varies as a function of radius, or when the ob-
ject is very round, which applies particularly to VIIIZw040.
For this galaxy, however, its compactness and especially its
high velocity dispersion suggest that it is genuinely domi-
nated by random motions.

The profiles of CGCG038-085, and possibly
2MASX J11521124, are somewhat reminiscent of rota-
tion curves of galaxies with bars (e.g. Sparke & Sellwood
1987; Bettoni 1989, and references therein). For CGCG038-
085, there is a slight hint of a bar-like structure in the Sérsic
model subtracted residual image. For LEDA 2108986 the
innermost part of the rotation profile appears to be flat. This
may hint at a kinematically decoupled core (KDC) with
counter-rotating stars with respect to the outer motions.
This claim is substantiated by counter-rotating ionised gas
(rotating in alignment with a possible counter-rotating
inner structure), which is discussed, along with an inner
spiral structure, in a separate paper (Graham et al. 2016).

5.2 Comparison with Virgo cluster early-type

dwarfs

Before comparing the internal kinematics of our galaxy sam-
ple to those of early-type dwarfs in the Virgo cluster, we
consider other basic properties, i.e. colour magnitude and
size magnitude relations (Fig. 8). The galaxies in our sample
have on average somewhat brighter absolute r-band magni-
tudes compared to those in the Toloba et al. (2014a) com-
parison sample. This is also reflected in the velocity dis-
persions, which are larger than the largest dispersion in the
Toloba et al. (2014a) sample for five of the galaxies in our
sample. The faintest galaxy in both samples are of sim-
ilar absolute brightness. Consistent with the selection as
quenched galaxies, the galaxies in our sample fall on the
red sequence traced by the Virgo early types (Janz & Lisker
2009). It is noteworthy that their sizes span most of the size
range of the Virgo early-type dwarfs (Janz & Lisker 2008),
and their range of sizes exceeds that of the Toloba et al.
(2014a) sample.
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Figure 6. Rotation curves of galaxies in our sample. The uncertainties are from Monte Carlo simulations of the measurements and
additionally take into account the consistency of the independent measurements for the two different spectral ranges used for fitting.
The curves display fits of the Polyex model to the rotation curves (see text). For LEDA 2108986 an alternative fit was obtained by
disregarding the inner parts with a possibly distinct kinematic feature, and is shown as green curve.
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Figure 7. Rotation curves corrected for inclination (from elliptic-

ity) and normalised by central velocity dispersion. The approach-
ing and receding sides are folded together and averaged. A variety
of different types of profiles can be seen.

Toloba et al. (2015) found a similar variety of rotation
profiles with different slopes and amplitudes for early-type
dwarf galaxies in the Virgo cluster. The distribution of our
galaxies in the (v/σ)e and λe versus ellipticity diagrams

(Fig. 9) is not very different from that of the Virgo dwarfs
as a whole population. Toloba et al. found 11 slow versus
28 fast rotators, while our sample has around half of the
galaxies in either class (Fig. 9). Toloba et al. (2014b) con-
cluded that ∼6% of early-type dwarfs have KDCs (see also
Penny et al. 2016). One KDC in our sample of nine galax-
ies would be consistent with this frequency given the small
number statistics.

6 DISCUSSION

6.1 Environmental dependencies and isolation

One line of argument in favour of the ‘galaxy harassment
in clusters’ scenario is the identification of a trend in some
characteristic as a function of a quantification of the environ-
ment. For example, Toloba et al. (2015) found an increase
of the spin parameter in the dwarfs in the Virgo cluster as
a function of the (projected) distance to the cluster centre
(cf. Fig. 9; see, however, Ryś et al. 2013, who found with
a smaller sample that such a trend is not significant when
using 3D distances instead of projected ones), in this case
given by the location of M87. Such a correlation of the spin
parameter with clustercentric distance would be consistent
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Figure 8. Colour magnitude and size magnitude relations. Shown
are the Virgo early types (green dots; from Janz & Lisker 2008,
2009), the sample of Toloba et al. (2014a, red squares) and our
galaxies (blue points – extinction corrected 7′′ aperture colours).
This comparison shows that the isolated quenched galaxies fall on
the red sequence of the Virgo early types and span a very similar
range of sizes.

with the finding that early-type dwarfs with signs of discs
in their morphologies (Lisker et al. 2006a) are less clustered
towards the centre than those without. Our isolated objects
do not follow an extrapolation of such a trend, but instead
show a similar variety of kinematic configurations as those
in the Virgo cluster. We note that the analysis of dwarfs in
galaxy groups by Penny et al. (2015) did not find any evi-
dence in the kinematic scaling relations that would suggest
a continuous change from the cluster centre to its outskirts
to less rich groups and the field. We also note that higher
mass early-type fast rotators do not show a correlation be-
tween local environment and spin parameter, although the
slow rotators are more abundant in the highest densities of
cluster cores. For the photometric scaling relations of early-
type systems de Rijcke et al. (2009) concluded that they are
largely independent of the environment over a large range
of mass.

A related, but separate topic is the (stellar population)
age and colour of the galaxies, indicative of the time since
the galaxy was quenched. Early-type dwarfs with blue cen-
tres in the Virgo cluster, i.e. with recent or residual star for-
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Figure 9. Upper panel: Rotation parameter (v/σ)e as function
of ellipticity. Light blue open and filled symbols display the cal-
culations for our sample galaxies assuming a surface brightness
profile with Sérsic index n = 1 and 4, respectively. The arrow
shows the shift for LEDA 2108986, when considering the alter-
native fit (see text). The different red symbols show their Virgo
early-type dwarfs (the boxes, circles, and dots indicating small
(D<2◦=0.4 Rvir, Ferrarese et al. 2012), intermediate, and large
projected distances (D>Rvir) to the cluster centre, respectively).
The blue crosses indicate the stellar kinematics of BCDs from
Koleva et al. (2014). Lower panel: λe vs ellipticity with the same
symbols. The purple line marks the demarcation line between slow
and fast rotators from Toloba et al. (2015). There is no clear cut

difference in the kinematics of isolated early-type low-mass galax-
ies when compared to those in the Virgo cluster, and the four
BCDs of Koleva et al. (2014) share the same parameter space.

mation, do not show a clustering towards the cluster centre
like other early-type dwarfs (Lisker et al. 2006b). The fre-
quency of such objects increases with decreasing galaxy den-
sity of the environment: Pak et al. (2014) found blue centres
in the early-type dwarfs of the Ursa Major cluster to be com-
mon. For the relatively unevolved NGC 5353/4 galaxy group
Tully & Trentham (2008) asserted a large fraction of star-
forming dwarfs with early-type morphology. Likewise, the
prototype isolated early-type dwarf of Gu et al. (2006) has
a blue core. Our sample consists by construction (predomi-
nantly) of quenched objects. This means we will be missing
a number of isolated galaxies that have early-type morphol-
ogy but are still forming stars at some level. The fraction of
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early-type dwarfs with blue cores in the Virgo cluster that
are excluded by our criteria for quenched galaxies (∼52%)
gives a lower limit for this bias. In this context the study of
Peeples et al. (2008) is of interest. Peeples et al. searched
for outliers in the mass (gas-phase) metallicity relation.
They identified 41 low-mass galaxies (107 < M⋆ < 1010 M⊙)
with over-abundant oxygen. These galaxies form stars at
some level, have early-type morphology, and are typically
fairly isolated without close companions. When the nearest-
neighbour criteria of our search are employed, about half
of their objects would be counted as isolated. Peeples et al.
(2008) interpreted the high oxygen abundance with a low gas
fraction and concluded that their galaxies are transitional
dwarfs, evolving from star-forming to quenched early-type
dwarfs.

The isolated quenched galaxies in our sample (median
M⋆ ∼ 4 × 109 M⊙ for the spectroscopic sample) suggest that
galaxies at the high-mass end of the probed mass range can
be quenched even without the cluster environment and its
ram pressure stripping. This is consistent with the lower
mass limit of Geha et al. (2012, M⋆ < 109 M⊙) below which
no isolated quenched galaxies were found. We note that our
fiducial search criteria for isolated galaxies are less restrictive
than the analysis of Geha et al. (2012). Their velocity inter-
val for the neighbour search was 1000 km s−1, while we use
500 km s−1. Furthermore, Geha et al. (2012) found a defini-
tion of isolation in terms of the (projected) distance to the
massive neighbour: The fraction of quenched galaxies as a
function of the distance to the host flattens out at ∼1.5 Mpc.
This applies for different mass bins and is consistent with
our histogram in Fig. 2. The lowest mass object of those
that we observed, LCBS1123P, has a neighbour at 1.2 Mpc
with MKs

∼ −23 mag. We also note that 2MASX J08192430
has a luminous neighbour at Dproj = 277 kpc with a veloc-

ity difference of ∆V = 612 km s−1. For the other 8 objects
our classification does not change when increasing the veloc-
ity interval to 1000 km s−1. This also applies to 28 of the 37
other candidates. When counting 4 times less massive galax-
ies as bright neighbours (MKs

= −21.5 mag; the complete-
ness limit for our bright neighbour search; corresponding to
M⋆ ∼ 8×109 M⊙), the total numbers of candidates reduce to
17 and 12 for the 500 km s−1 and 1000 km s−1 velocity differ-
ence intervals, respectively (see Table A1 in the Appendix).
Even with the most stringent combination for the definition
of isolation, i.e. a neighbour search extending to masses on
the same order of magnitude as the low-mass galaxies within
a velocity interval of ±1000 km s−1 and separations of at least
1.5 Mpc, 5 of the objects in our spectroscopic sample (and
11 of the complete sample of 46 galaxies) remain classified
as isolated.

Summarizing this section: (i) our sample of quenched
low-mass galaxies in the field does not follow a trend claimed
in galaxy clusters of increasing spin parameter in dwarfs
for decreasing local galaxy density; (ii) our sample con-
sists by construction predominantly of quenched objects,
while early-type dwarfs in low-density environments typi-
cally show signs of recent star formation; (iii) the classi-
fication as isolated objects is rather robust when it comes
to the velocity interval that is considered for finding massive
neighbours, but the numbers are approximately halved when
considering also less massive neighbours; and (iv) while

quenched dwarfs are rare in the field, several examples at
the high mass end were identified.

6.2 Formation scenarios for isolated early-type

dwarfs

In principle isolated galaxies need not have lived in the field
all their life (e.g. Chilingarian & Zolotukhin 2015). How-
ever, the distance to a more massive galaxy in our sample is
Dproj & 1 Mpc. This distance means a travel time of at least

1 Gyr with a relative velocity of 1000 km s−1. Such a veloc-
ity exceeds the velocity dispersion of galaxies in the Virgo
cluster (e.g. Binggeli et al. 1993; σVirgo∼700 km s−1). Rela-
tive velocities more typical for less massive groups or galaxy
pairs increase this hypothetical travel time to the order of a
Hubble time.

If the isolated galaxies did not escape a high density
environment (or at least from a more massive host galaxy),
the transformative processes associated with such environ-
ments, e.g. harassment and ram pressure stripping, cannot
be the source for this galaxy population. In other words,
these galaxies cannot be environmentally transformed spi-
rals, and an alternative formation process needs to operate.

One possibility is dwarf mergers, which were less fre-
quently considered, since they are unlikely to happen where
early-type dwarfs are predominantly found (i.e. in the cluster
environment where large relative velocities make them diffi-
cult). However, recently observational evidence has mounted
suggesting such mergers (occasionally) happen (in other en-
vironments) and simulations have shown them to be a poten-
tial way to also form low-mass galaxies (van Zee et al. 1998;
Bekki 2008; Valcke et al. 2008; Martinez-Delgado et al.
2012; Graham et al. 2012; Cloet-Osselaer et al. 2014; Bekki
2015; Pak et al. 2016; Watts & Bekki 2016). They were
also suggested (in the context of pre-processing in galaxy
groups) as a possible origin for KDCs in early-type dwarfs
(Toloba et al. 2014b).

Another possibility is that the isolated quenched low-
mass galaxies did not experience any dramatic events (such
as mergers or harassment) in their past. Low-mass, pressure
supported, galaxies are expected to form as the first galaxies
and constitute the building blocks in hierarchical structure
formation and galaxy evolution. A disc can be grown and an-
gular momentum can be obtained in a more steady fashion
by gas accretion (and possibly minor mergers) from the cos-
mic web (see also Maccio et al. 2006), as also suggested for
more massive early types (Dekel et al. 2009; Graham et al.
2015, and references therein). While this is not required or
preferred, such gas accretion may even be feasible in the out-
skirts of the Virgo cluster as discussed by Hallenbeck et al.
(2012).

In the context of gas accretion LEDA 218986 is possibly
the most intriguing object in our sample. It seems to be a
candidate for the addition of gas, which is changing the in-
ternal kinematics, as well as being responsible for the emer-
gence of KDCs (see also de Rijcke et al. 2013) and for the
creation of disc features in the image (see Graham et al. 2016
for details). These disc features resemble those in the Virgo
cluster early-type dwarf galaxy VCC 216 (cf. Lisker et al.
2009).

For the objects to be classified as quenched, the star
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formation activity needs to have ceased. One way is to cut
off the gas supply, which is also consistent with the gas
deficiency of the early-type dwarfs in clusters. For galax-
ies more massive than M⋆ > 108 M⊙ supernova feedback
is not sufficient to permanently expel the gas (Valcke et al.
2008). Observationally, Geha et al. (2012) did not find any
quenched galaxies in the field with a stellar mass lower than
M⋆ < 109 M⊙ . While in clusters the gas supply can be re-
moved by ram pressure stripping, this is not plausible for
the most isolated objects. In principle there could also be
gas that just does not form stars. Or possibly, the gas may
have been consumed some time ago for those galaxies in the
field that are quenched today, leading to a ‘starvation’ simi-
lar to the scenario (with an external removal of the gas sup-
ply) proposed by Larson et al. (1980; see also Boselli et al.
2008). The time scale for the gas consumption might depend
on galaxy mass (like the star formation time-scale, i.e. down-
sizing) and isolated galaxies with lower mass possibly did not
have enough time to reach this stage. Regardless of the exact
mechanisms involved, the dwarfs observed by Peeples et al.
(2008, see above) appear to be good candidates for isolated
galaxies with low gas fractions in their final stages before
transitioning to being red and dead.

In this context it is interesting to note that some-
times blue compact dwarf galaxies (BCDs) are considered as
analogs of compact star forming galaxies typical for earlier
epochs of the Universe. It has been suggested that galaxies
may evolve through several cycles of a BCD phase, charac-
terised by intense star formation, and more quiescent phases,
in which they resemble more normal low-mass late-type
galaxies, to end up as early-type dwarfs after a final cen-
trally concentrated star formation episode, after which the
gas is consumed (Davies & Phillipps 1988). Also, some of
the BCDs are observed to have low v/σ (Koleva et al. 2014),
comparable to the early-type dwarfs (Fig. 9). The morpholo-
gies and circular rotation velocity gradient for both galaxy
types were also found to compare favourable (Meyer et al.
2014; Lelli et al. 2014). Moreover, the stellar populations of
transition type dwarfs appear to differ from those of early-
type dwarfs only in the star formation activity at present
day (Koleva et al. 2013, see also Peeples et al. 2008; and
Michielsen et al. 2008 for a comparison of stellar population
properties of early-type dwarfs in the Virgo cluster and less
dense environments).

In summary, we consider both dwarf dwarf mergers and
gas accretion as viable candidates for explaining rotating
quenched low-mass galaxies in isolation, bearing in mind
also the earlier suggested evolutionary link between early-
type dwarfs and BCDs.

6.3 Implications for early-type dwarfs in clusters

Our observation of rotating quenched low-mass galaxies in
isolated environments indicates that the cluster environment
need not have transformed spirals into early-type galaxies.
This is because the field early-type galaxies have acquired
their rotation from their formation as a less massive galaxy,
rather than from the transformation of a more massive spi-
ral galaxy.

The number of early-type dwarfs in the field ver-
sus groups versus clusters (e.g. Trentham & Tully 2002;
Annibali et al. 2011) suggests that the high density envi-

ronment is still more prolific for forming early-type dwarfs.
Before discussing this within the formation scenarios for iso-
lated quenched low-mass galaxies, it should be noted that
our observations do not rule out a contribution of processes
related to the high density environments (see Lisker 2009 for
an overview; see also Morishita et al. 2016 for a perspective
from higher redshift), such as harassment and ram pressure
stripping to the population of early-type dwarfs in clusters.
The latter may be required to quench the galaxies at lower
stellar masses.

The formation scenarios discussed above can yield more
galaxies in high density environments than in the field for
the following reasons. Firstly, a greater number of galax-
ies is expected to form in higher over-densities in the early
Universe. Secondly, the high-density environment is likely
to speed up the quenching by shutting off the gas sup-
ply, i.e. via ram pressure stripping (see also Grossi et al.
2009; Annibali et al. 2011; De Looze et al. 2013), and it
can also quench galaxies below the mass limit of Geha et al.
(2012), where there are no quenched galaxies in isolation.
The galaxies in our sample are (mostly) more massive than
those early-type dwarfs in the comparison sample for the
Virgo cluster (the highest stellar mass in that sample is
M⋆ ∼ 1.5× 109 M⊙). However, all of the galaxies in our sam-
ple can be considered as dwarfs when using the classical
MB > −18 mag criterion. We also note that the BCDs of
Koleva et al. (2014, dynamical masses below 109 M⊙) and
the objects in Peeples et al. (2008, 15 of them have M⋆ < 109

M⊙) fit well into the mass range of the Virgo early-type
dwarfs and are in this sense compatible with turning into
early-type dwarfs after quenching.

The formation scenarios suggested for the quenched
low-mass galaxies in isolation are also very attractive as
a contributor to the early-type dwarf population in high
density environments: If the progenitor galaxy is a (more
massive) spiral galaxy, the transformation has to alter its
morphology, reduce the size and mass, and remove consider-
able amounts of angular momentum (Falcón-Barroso et al.
2015). This may even apply for some of the relatively low-
mass late-type galaxies at the end of the Hubble sequence
(Adams et al. 2014; Janz et al. 2016). The only feasible way
for a substantial transformation seems to be rather strong
harassment. However, Smith et al. (2015) showed that this
is unlikely to happen for galaxies falling into a cluster (cf.
also Lisker et al. 2013; Bialas et al. 2015). The authors put
rather conservative limits to the type of orbits which plausi-
bly can lead to strong harassment and concluded that they
are basically only likely for objects that were part of the
cluster early on.

If the galaxy, instead of having a spiral galaxy as pro-
genitor, has similar mass, size, and little angular momentum
to start with, strong harassment is not required. In some
cases angular momentum can be obtained by gas accretion
and a disc might be grown. In other cases the galaxies could
remain pressure supported or grow by dwarf dwarf merg-
ers. Low-mass galaxies in the early Universe, with similar
properties to some of the BCDs today (Meyer et al. 2014;
Koleva et al. 2014; Lian et al. 2015; for simulations of dwarf
dwarf mergers forming BCDs and their rotation curves see
also Watts & Bekki 2016), appear to be good candidates for
evolving into galaxies similar to today’s early-type dwarf
galaxies in the galaxy clusters. Since there is a mass limit
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observed below which quenched galaxies are absent in iso-
lation (M⋆ < 109 M⊙ ; Geha et al. 2012; i.e. in a mass range
for which feedback is inefficient), gas removal via processes
like ram pressure stripping appears to be required to quench
galaxies below that mass limit today.

There is a long-lasting debate whether or not there
is a structural dichotomy between dwarf and ordinary
early-type galaxies, i.e. whether these galaxies follow dis-
tinct scaling relations brighter or fainter than MB =

−18 mag (e.g. Kormendy et al. 2009; Kormendy & Bender
2012; Graham 2013, and many references therein; see also
Faber 1973 and Wirth & Gallagher 1984). For exam-
ple, Graham & Guzmán (2003) showed that ordinary and
dwarf early-type galaxies follow a log-linear relation of pro-
file shape parametrized by the Sérsic index n (see also
Jerjen & Binggeli 1997) with magnitude and demonstrated
that this together with a continuous linear relation of cen-
tral surface brightness and magnitude leads to curved, but
continuous relations involving ‘effective’ or half-light quan-
tities, e.g. in the size magnitude plane. With rebuttal of the
necessity for a different formation scenario (i.e. galaxy ha-
rassment) for dwarf and ordinary early types, this question
can be revisited. There are no signs for such a dichotomy
in the spin parameter (i.e. when comparing Emsellem et al.
2011 and Toloba et al. 2015). The early-type dwarfs over-
lap in the spin parameter versus ellipticity diagram with the
ordinary early types, but their parameter range is largely
separate from that of the spiral galaxies. Furthermore, at
intermediate mass, between the dwarf systems and the most
massive galaxies, slow rotators are not frequent. The fre-
quencies of KDCs in dwarf and ordinary early types are also
comparable (Toloba et al. 2014b).

We conclude that the discovery of rotation in quenched
low-mass galaxies in isolation shows that early-type dwarfs
in clusters need not be harassed spirals. Furthermore, early-
type dwarfs that are formed as low-mass galaxies, possibly
quenched with the help of the clusters’ ram pressure, are an
appealing contribution to the population of cluster dwarfs.

7 SUMMARY

We carried out a search for quenched low-mass galaxies in
low galaxy density environments and isolation in the Local
volume of the SDSS. The criteria were a stellar mass below
M⋆ < 5×109 M⊙, a strong 4000 Å break Dn(4000) > 0.6+0.1×

log10(M⋆/M⊙) and an Hα equivalent width EWHα < 2 Å,
and no massive neighbour (M⋆ & 3 × 1010 M⊙) within a
velocity interval of 500 km s−1 with a distance (in projec-
tion) less than Dproj < 1 Mpc. Our selection criteria yielded
46 galaxies. These were manually checked, e.g. for star for-
mation missed by the SDSS fibre, and suitable candidates
for spectroscopic follow-up were chosen. We observed 9 of
these objects with Keck ESI and have presented their inter-
nal kinematics based on the obtained spectra.

The nine objects exhibit a large variety of dynamic con-
figurations: some show rotation velocities within Re that
exceed the random motions, while others have close to no
rotation at all. In one case we found signs of a kinemati-
cally decoupled inner region, which moves aligned with the
counter-rotating ionised gas.

We compared our sample of isolated quenched low-mass

galaxies to a sample of early-type dwarfs in the Virgo cluster.
Both samples show similar characteristics: the galaxies have
MB & −18 mag, they mostly lie on the red sequence and span
a similar range of sizes. Likewise, their internal kinematics
show a similar variety of behaviour, and the fractions of slow
and fast rotations are compatible given the small number
statistics.

The rotating quenched galaxies in our sample cannot be
environmentally transformed spiral galaxies due to their iso-
lation. This has an important implication: early-type dwarfs
in galaxy clusters need not be transformed spiral galaxies.

We discussed dwarf mergers and gas accretion as for-
mation scenarios for our sample of isolated galaxies. Both
of them should be able to produce the required range of
angular momentum and degree of rotational support. Fur-
thermore, we argued that these processes may contribute
a greater number of early-type dwarfs to high-density en-
vironments than the small numbers of them found in the
field. And ram pressure stripping can help to account for
the quenched galaxies at lower stellar mass. Finally, we rea-
soned that given other challenges to the transformed spiral
scenario such a contribution to the early-type dwarf popula-
tion in galaxy clusters is appealing. The suggested formation
scenarios are not exclusive, but their contribution can also
help to explain the heterogeneity of early-type dwarf galax-
ies.
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APPENDIX A: ALTERNATIVE NEIGHBOUR

SEARCH

Here we include the parameters of the nearest bright neigh-
bour when searching for neighbours with MKs

< −21.5 mag
(Table A1).

This paper has been typeset from a TEX/LATEX file prepared by
the author.

Table A1. Projected distances and velocity differences for lumi-
nous neighbours with MKs

< −21.5 mag.

Galaxy closest luminous neighbour
D500 |∆V500 | D1000 |∆V1000 |

[Mpc] [km s−1] [Mpc] [km s−1]

LEDA 3115955 1.67 13
2MASX J03190758+4232179 0.63 311 0.55 586
LCSBS1123P 1.24 167
2MASX J08192430+2100125 0.20 203 0.06 950
VIIIZw040 3.47 62
CGCG038-085 2.03 75
2MASX J11521124+0421239 3.14 166 1.38 662
CGCG101-026 2.40 263
LEDA 2108986 3.07 21

J001212.41–110010.4 0.10 29
J001530.03+160429.7 0.21 384

J001601.19+160133.4 0.34 214
J012506.69–000807.0 0.67 293
J013842.89–002053.0 0.53 80
J045058.77+261313.7 1.90 305 1.83 661
J075303.96+524435.8 1.04 63
J082013.92+302503.0 0.88 97
J082210.66+210507.5 0.16 482
J084915.01+191127.3 0.22 500 0.11 526
J085652.63+475923.8 3.67 277
J091514.45+581200.3 1.53 58
J091657.98+064254.2 0.77 66
J093016.38+233727.9 0.04 52
J093251.11+314145.0 1.72 209
J094408.52+111514.8 0.08 84
J094834.50+145356.6 0.46 94
J100003.93+044845.0 0.19 66
J105005.53+655015.6 0.10 162
J110423.34+195501.5 0.56 263
J112422.89+385833.3 1.30 354 0.06 925
J114423.13+163304.5 1.21 331 0.02 549
J120300.94+025011.0 1.06 55
J120823.99+435212.4 0.77 27
J122543.23+042505.4 0.11 209
J124408.62+252458.2 0.14 2
J125026.61+264407.1 0.04 200
J125103.34+262644.6 0.44 373
J125321.68+262141.1 0.22 360
J125756.52+272256.2 0.26 369
J125940.10+275117.7 4.20 123 0.04 936
J130320.35+175909.7 1.04 164 0.96 553
J130549.09+262551.6 0.91 207
J142914.46+444156.3 0.89 82
J144621.10+342214.1 1.97 379
J160810.70+313055.0 5.52 72
J232028.21+150420.8 1.02 438 0.84 559

Notes: The first column lists the galaxy name. The closest bright
neighbour within a velocity interval of ±500 km s−1 is extracted from
a combined catalogue containing redshifts from the NASA Sloan At-
las and the 2MASS redshift survey. Instead of MKs

< −23 mag as in
Table 1, MKs

< −21.5 mag is used. The projected (linear) distance
between the neighbour and the low-mass galaxy and the difference
between their recession velocities are given in columns 2 and 3. If
there is an additional neighbour within a velocity interval of ±1000

km s−1, the corresponding details are listed in columns 4 and 5.
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