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Chapter 1
Morphological transfor mations of Dwar f
Galaxiesin the Local Group

Giovanni Carraro

Abstract In the Local Group there are three main types of dwarf gatabavarf
Irregulars, Dwarf Spheroidals, and Dwarf Ellipticals drhediate/transitional types
are present as well. This contribution reviews the ideatti@afpresent day variety
of dwarf galaxy morphologies in the Local Group might revibad existence of a
transformation chain of events, of which any particular dvwgalaxy represents a
manifestation of a particular stage. In other words, all dwalaxies that now are
part of the Local Group would have formed identically in tlaglg universe, but then
evolved differently because of morphological transfoiiora induced by dynami-
cal processes like galaxy harassment, ram pressure sgipphoto-evaporation,
and so forth. We start describing the population of dwarbgias and their spa-
tial distribution in the LG. Then, we describe those phenaanthat can alter the
morphology of a dwarf galaxies, essentially by removingtiply or completely,
their gas content. Lastly, we discuss morphological signrestin the Local Group
Dwarf Galaxies that can be attributed to different dynafmpt@nomena. While it is
difficult to identify a unique and continuous transformatgequence, we have now
a reasonable understanding of the basic evolutionary plagtidead to the various
dwarf galaxy types.

1.1 Introduction

The Local Group (LG) has a physical radius~ef.2 Mpc (Van den Bergh 1999):
this is defined as the radius of its zero-velocity surfacenelg the surface which
separates the LG from the field expanding with the Hubble fidve LG is located
at the outskirts of the large Virgo cluster. The actual LGasnihated by three spi-
ral galaxies: M 31(NGC 224, the Andromeda galaxy) , the Mikgy (MW), and

Giovanni Carraro
European Southern Observatory, Alonso de Cordova 310Q11%antiago de Chile, Chile, e-
mail:lgcarrar o@so. org


http://arxiv.org/abs/1406.1243v1
gcarraro@eso.org

2 G. Carraro

M 33 (NGC 598, the Triangulum galaxy), in decreasing ordena$s. There are no
giant or intermediate-mass ellipticals in the LG. The revitaj galaxies are dwarf
galaxies (DG), and their number has been increasing oveydhss, since fainter
and fainter objects are being discovered (e.g. Crater,kBetw et al. 2014) out of
deep and wide area sky surveys (2MASS, SDSS, etc.). The exatier of DG in
the LG is unknown. As of today, they would be70 (McConnachie 2012).

The majority of these DGs groups around M 31 and the MW. M 38 sttmall-
est galaxy among the spirals, might have two possible compaifthe Pisces and
Andromeda XXII dwarfs). All the remaining galaxies are tostdnt from the 3
dominant spirals to be considered bound to them. NGC 310%atith may con-
stitute a group themselves (the-442 group, McConnachie 2012) , together with
Sextans A and B, and, possibly , Leo P (Bernstein-Cooper. @044). The mem-
bership of the NGC 3109 - and companions- to the LG is dispsiede this group
shows a filamentary structure and seems to be in the vergédotba LG (Bellazz-
ini et al. 2013, 2014) for the first time.

In Figs. 1 and 2 we show the distribution of DG in the LG accogdb the recent
compilation by McConnachie (2012). Fig. 1 shows the DGs @ased with the
Milky Way, while Fig. 2 shows DGs associated with M 31 (bluebpls), and DGs
that are believed not to be associated with the two majoakp{green symbols).
A few DG discovered after 2012 (like Crater) are missing iis fhlot. Let me also
mention that Segue 1 is still a controversial object (it nigh globular cluster,
Niederste-Ostholt et al. 2009), and, lastly, that Canisdvibps been ruled out as a
DG (Momany et al 2006).
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Fig. 1.1 Distribution of dwarf galaxies in the LG following McConrtaie 2012: DGs associated
with the MW (red symbols).
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Fig. 1.2 Distribution of dwarf galaxies in the LG following McConrtsie 2012:DGs associated
with M 31 (blue symbols), and DGs considered not associafédtiese 2 major spirals.

Many exhaustive reviews have been written on the LG strecfGrebel 1997;
Mateo 1998, van den Bergh 2000), and | refer the reader to fbeall additional
details.

Instead, in this contribution | shall focus on the morphglog DGs, and to the
variety of structures they exhibit. In many occasions tlisety has been seen as an
evolutionary chain (Moore et al. 1996), in which more dyneathevolved galaxies
contain less and less gas.

Table 1.1 Local Group dwarf galaxies basic physical parameters

Morphological type Lby Mur Miat
magx arcsec > M, Mg
Dwarf Ellipticals <21 <10° <10
Dwarf Spheroidals >22 <100 ~ 10
Dwarf Irregulars <23 <10° <1010

1.2 Taxonomy of Dwarf Galaxiesin the Local Group

Dwarf galaxies in the LG divide into 3 main morphological &g Spheroidals
(dSph), Ellipticals dE) , and Irregularsdlrr). Intermediate type are also known
to exist in the LG.

Using Table 1 as a guideline, we can briefly describe theip@mies as follows:

e Dwarf Irregulars. these are atomic-gas (HI) dominated systems, and exhibit
a variety of irregular shapes; SagDIG (Young & Lo 1997) angt&es A (van
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Dyk et al. 1998) are two classical examples. This type of D&Swind in any
environment: galaxy clusters, small galaxy groups, antiégeneral field. Sev-
eral irregulars show a disk structure, but the disk doese®insto be ubiquitous.
Zhang et al. (2012) demonstrated that most dirrs start tifieciwith a disk that
then shrinks (outside-in scenario), so it is conceivalde &l dirrs form as low-
mass spiral galaxies with extended gas discs. The evolotistar formation (SF)
and disk structure is, however, different from large sgirtilat are believed to as-
semble via an inside out scenario. Over their lifetime iwmlallrrs kept an almost
constant SF (e.g. IC 1613, SagDIG), although some of thew sigmatures of
a pristine significant peak of star formation (Skillman et2il14, Momany et al
2005), in close similarity with Blue Compact Dwarfs. Wheaesgearched for,
old stellar populations have been detected in irregulaaxges (see Leo I, Held
et al. 2001). dirr tend to be isolated systems.

e Dwarf Ellipticals: these DGs have a more regular shape, but are not depleted of

gas. In the LG all the known dEs are located around M 31. The kmusvn case
is the one of NGC 205 (Monaco et al. 2009). They host a mixtfistatlar pop-

ulations, and show a complex star formation history (Caredral. 2001). They
contains old, intermediate age and young stellar popuia#ie for the dynamics,
they are rotation supported. These galaxies tend to be ntated closer to M31.

o Dwarf Spheroidals: These are dynamically evolved stellar systems, composed

of intermediate age to old stellar populations. In mosts#sey are random mo-
tion supported, like Elliptical galaxies, although mildation has been detected
in some of them. Being loose and dispersed systems, theyhegdd to be DM
dominated. This is however based on the assumption that #yestems are in
virial equilibrium, which is not really completely provedighausen et al. 2014).
Typically, dSph are found close to M 31 or the MW. They are atdevoid of
gas in their central parts , although gas has been detectdd surrounding of
some of them (Sculptor and Phoenix, for example).

A few dwarfs such as Phoenix, Pegasus, Antlia, DDO 210, arfdl BGre classi-
fied as transition objects (dIrr/dSph); possibly evolviranf dirr to dSph (Grebel et
al. 2003). The idea of a single evolutionary endpoint iseatippealing: dE would
be the remnants of dirr that have lost their gas (by strippirdusters or near large
galaxies, i.e. an environmental effect), while dirr/dSphwd testify to an interme-
diate case of dwarfs that have maintained some of their gasamtent.

We believe there are no Ultra Compact DwadiGDs) in the LG, although this de-
pends on the precise definition of UDC in terms of mass andrasity (Mieske et

al. 2012). It might be that M 32 or Omega Cen are UCDs. Thererigesconsensus
that UCD are not precisely DGs, but simply the high-masfaihe globular clus-

ters mass function (Mieske et al. 2012) . Lastly, the LG dagscontain any Blue

Compact or Starburst Blue Compact DwaBfiD,SBCD).
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Fig. 1.3 Morphological segregation of DGs in the LG from McConnadzie12).

1.3 Spatial distribution of different dwarf galaxy typesin the
L ocal Group

The first indication of a possible morphological evolutioh@Gs comes from
their spatial distribution. Different morphological typee not randomly distributed
across the LG volume, but shows a marked morphological gagioa.

Gas poor DGs (dE and dSph) cluster close to MW and M31, whitergh DGs
(dIrr) tend to be spread over a much larger volume (see Fid:t8% is only on the
average, since there are several exceptions.

dSph concentrates around M 31 and and the MW, while dEs aralfuthe sur-
roundings of M31 only.

Cetus and Tucana are two examples of dSph not closely lotatedjor spirals (see
Fig. 3).

1.4 Morphological transformations

Structural modifications can occur in DGs as a result of a fegmacdhical (internal
or environmental) processes:
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1.4.1 Ram Pressure stripping

Ram pressure stripping occurs when a DG is moving within ficserfitly dense
multi-phase intra-cluster (ICM) medium. If the ICM ram psase exceeds its grav-
itational force (Mori & Burkert 2000), a DG can loose paftijabr entirely its gas
content. Lin & Faber (1983) firstly estimated that the ICM lie LG should have

a density of the order of T§cm 2 for ram pressure to be effective. Observational
evidences are, however, scanty. The intra-group medium) i@ the LG seems to
be multi-phase.

So far, observations allow us to identify two phases:

e cold (T < 10°K) gas has been detected in HI (Richter 2012), and tends to
be concentrated in the periphery (within 50 kpc) of the twganapirals (An-
dromeda and the Milky Way);

e hot (T > 10°K) gas has been detected via O VI emission lines in the UV wave-
length regime (Sembach et al. 2003), and in X-Ray, via O Mhigsion lines
(Gupta et al. 2012). This hot gas tends to occupy the out@ne@f the LG.

No clear figures are available for the density of these twopmmants in the LG.
According to hydro-dynamical simulations (Nuza et al. 2)1He spatial distribu-
tion of these two components might be the result of the varjpnocesses which
affects gas circulation, like inflows of extra-LG materiabeoutflows from DGs in-
ternal or tidal evolution.

Nbody/gas-dynamical simulations (Mayer et al. 2006) comfliat ram-pressure
can be the most efficient process to remove gas from a DG insteclaf galaxies,
but that this depends a lot on the evolutionary status of tBeabd on the ICM (see
also Steinmetz, this conference).

1.4.2 Harassment

Most DGs are believed to be orbiting around one of the majoalspin the LG.
NGC 3109 and Antlia seem to constitute a separate group &hd 2 group, Bel-
lazzini et al. 2013, Bernstein-Cooper et al. 2014). Theeeadso a number of DGs
that are too distant to be bound to either the MW or Androm@dth the termha-
rassment we refer to the tidal interaction exerted by a major galaxyaororbiting
DG. The result is typically tidal stirring of the DG which, @xtreme cases, can also
lead to tidal stripping and removal of the gas.

There is nowadays a lot of work in the field of dwarf galaxiekits: This is a
major requirement if one wants to understand their dynaraicdution and possible
origin. The best known case is the LMC/SMC pair: accuratg@eranotions have
been provided in many occasions, and modern orbits caézlilaith the aim to
understand their complex 3 body problem. However, out ofvény same figures
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different scenarios for the past orbital evolution, andithplied SFH and origin of
the clouds have been discussed (Kallivayalil et al. 2013|d&¢his conference) and
still rely on strong assumptions on the 3D structure of tleids and their possible
binary nature. In any case the existence of the Magellaimigbrand stream clearly
indicates that tidal interaction and induced SF is ongo@esétti-Dinescu et al 201;
see also Fukui and Gallart, this conference).

The other obvious case is the one of the Sgr dSph (Ibata e9@dt, Majewski,
this conference), whose orbit is better constrained. Tda &rms are traced all over
the Galactic halo (Majewski et al. 2004) , and the Age-MatlIrelation (AMR, a
consequence of the SFH) well defined.

As for the other MW dwarf galaxies, proper motions have besimated for
Fornax, Leo I, Sculptor, Draco, Carina, and Ursa Minor, atidnapts have been
done to reconstruct their orbits (Pasetto et al. 2003, 2808)spatial configuration
(Pawlowski & Kroupa 2013; Kroupa, this conference) . Howeuacertainties as-
sociated to proper motion measurements are still too largietive solid orbital
solutions.

For M31 satellites, only 2 dwarf galaxies have measuredgmoytions (Watkins
2013), and for all the others proper motions expectations lheen derived from
dynamical considerations only.

1.4.3 Internal stellar evolution

One possibility for a DG to loose its gas content is via stadklution. As a con-
sequence of a strong burst of star formation, SNae and rsteltals inject kinetic
energy in the surrounding gas. If the gas acquires a velbdaifly enough to over-
pass the galaxy potential well, it can escape the galaxy/biaway) after having
been displaced into the halo (blown-out) from the disk. ffienomenon has been
analytically and numerically studied by McLow and Ferrat899) as a function
of the DM halo mass. In order for this to happen, a strong maited burst of star
formation needs to occur, which is not seen in LG DGs (Recchiefasler 2013) .
It might be possible that BCD experiences such strong bofsttar formation, but
there are no such DGs in the LG. Evidences of super bubbleshvdain be indica-
tive of gas escaping from a DG have been found outside the h&4iv 18 and
NGC 1705).

1.4.4 Photo-evaporation

This can occur early during DG evolution in presence of groi¥ radiation gen-
erated by the cosmic re-ionisation (Barkana & Loeb 1999).galaxies formed
before re-ionization having velocity dispersion lowerthal10 km/sec can not sur-
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vive, since they are turned into completely dark galaxiésrahe gas evaporation.
When we analyse the Star Formation History in LG DGs, howeverdo not find
any indication of pristine abrupt interruption (quenchin§SF, which would be the
case if gas is suddenly removed. This implies that re-igioisalid not have any
impact in the SFH of DG, but that other processes conspiretidped it (Grebel &
Gallagher 2004; Hidalgo et al 2013, Steinmetz, this comiezq.

1.5 Examplesin the Local Group

Having illustrated the physical processes that we belieseesponsible for the gas
removal from dwarf galaxies, we will now look more closelytla¢ Local Group,
and search for any signature of these phenomena among itdatiop of dwarf
galaxies. As we already mentioned, LG DG are divided in thmeén type: dSph,
dE, and dirr. They differ in the amount of gas and in theiratineal, dynamical, and
stellar evolution properties. Intermediate types are ptesent, mainly transitional
dSph/dirr (Grebel 1999). These latter are of paramount itapee since they help
us to delineate a possible evolutionary path which trans$oa dirr into a dSph
via one or more of the processes described above. Traraiti@ph/dIrr have been
suggested as the possible progenitor of classical dSph.

1.5.1 Pegasus: ram stripping caught in the act

Optical and HI observations as described in McConnachik €@07) in the Pega-
sus isolated -but possibly associated with M3- dwarf hawsvsithat stars and gas
are distributed in a different way (see Fig. 4). While stastribute in a disk-like
structure, cold gas exhibits a cometary shape. This isgreézd as Pegasus is mov-
ing across the intra-group medium and its gas is undergaimgaressure stripping.
This would represent the best case of ram pressure strippithg LG, and would
suggest the existence of significant hot gas in it. We rentfiatisuch gas has been
recently detected around the Milky Way and Andromeda (Lelebhal. 2014), but
not in the most isolated regions of the LG. Therefore Pegasudd represent an
intermediate dwarf, say a dlrr on the verge of turning - galgsinto a dE.

1.5.2 The 14+12 group: harassment at work

Besides the prominent case of the Sgr dSph, there are nusmexample of tidal
interaction in the LG (e.g. the magellanic stream and biidgellazzini et al. (2013,
2014) draw the attention of NGC 3109 and its companion, aceliynshowed that
this group of 5 dwarfs (the 14+12 group: NGC 3109, Antlia, t8ag A, Sextans
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Fig. 1.4 The smooth disk-like star distribution in Pegasus, withremgosed HI contours from
McConnachie et al. (2007).

B, and Leo P) is moving along a filament. The observationadevies support
the conclusion that this group has been tidally disturbdedtassed), or that has
been accreted as a filamentary sub-structure (a tidal taifjyced by some major
interaction event. Bernstein-Cooper (2014) HI observetithowever, seem to rule
out the membership of Leo P to this group. Leo P, instead, duwmpresent the case
for an isolated, gas rich, extremely metal deficient, dlrr.

1.5.3 Leo| : extreme harassment

The dSph galaxy Leo | possesses an extreme high radial tyglacd it seems to be
unbound to both M 31 and the MW. This dwarf is almost tidallsrdpted, possibly
as a consequence of several peri-galactic passages inftisnnaoound a massive
galaxy ( either MW or M 31). Unless its tangential motion haet severely under-
estimated, this galaxy is on the verge of leaving the LG |ljotkevoid of gas.
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1.5.4 Andromeda XI1: untouched by the LG?

An interesting, opposite case, has been reported a few ggarsThis dSph galaxy
seems to be infalling at very high speed into the LG (Chapnmah €007). Chap-
man et al. (2007) argue that, because of the large velohitygalaxy is entering
the LG for the very first time, and therefore represents thst beample of a late
infall in the LG. Being depleted of gas, this dSph must hayseeience strong tidal
interactions before joining the LG.

These examples, together with the Magellanic system an&ith&Sph, illustrate
convincingly that DG in the LG are undergoing profound tfan®ations. Detailed
HI observations, in tandem with ultraviolet spectroscopthe medium surround-
ing each DG (Lehner et al. 2014) can help us to understandrkibtir individual

dynamical status and measure the relative important of &tlyeomost important
dynamical processes that occur in the LG environment.

1.6 Conclusions

Due to their proximity, dwarf galaxies in the LG can be resalinto stars, and their
SFH can be derived (Skillman et al. 2014). Irrespective efrtinorphological type,
all DGs shows signature of old stellar populations, althoirgdifferent amount
(Weisz et al. 2014). This implies that DGs started to formsstd a sharply defined
early epoch. The subsequent SFH was shaped by a variety adgs®s at work in
the LG environment: ram pressure stripping, internal atedl/olution, harassment.
SFH have been derived for many DG in the LG so far, and indesskpt a large va-
riety of shapes. Beside modelling SFH, these processesladsmged, dramatically
in some cases, the DGs structure. We described these peedestetails and show
example of them in the actual LG. Overall, the LG turns outd@lvibrant environ-
ment, where several processes conspire to produce stbictadifications in dwarf
galaxies, and shape their SFH. As already emphasised inafte gas removal is
the trigger of any transformation, and this occurs difféisefrom dwarf to dwarf,
depending on their mass, orbit, and properties of the methesare travelling in.
A closer look at each individual DG will allow us in the futute understand bet-
ter how they formed and evolved. Neutral and excited gasreltens are crucial
(e.g., ALFALFA, LITTLE THING) to map the gas structure andrémics in and
around DGs. Lastly, deep photometry is needed to extendRhed@rivation to the
lowest-mass DG, because of their profound cosmologicabitapce.
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