


SummaryAims The main goal of this program was to better understand the origin, propertiesand evolution of galaxies in groups. The study of galaxy groups is important be
ausemost (�60%) of the galaxies in the lo
al universe are in groups and most of their star-formation happens just in this environment. Despite their unique importan
e, groups arestill poorly studied.Data and analysis Deep imaging in two ultraviolet (UV) bands, far-UV (FUV, 1350-1780 �A) and near-UV (NUV, 1770-2730 �A), was obtained with NASA's Galaxy EvolutionExplorer (GALEX) to 
hara
terize the stellar populations of a sample of galaxy groupswith a wide range of properties, in
luding analogs of our Lo
al Group and groups with anin
reasing fra
tion of early-type galaxies (ETGs, Ellipti
als and Lenti
ulars). We mea-sured integrated photometry of galaxies from UV imaging and 
orollary opti
al data, andwe derived ages and masses of their stellar populations by analyzing the spe
tral energydistribution with population synthesis models. The global properties of ea
h host grouphave also been 
hara
terized through a luminosity-weighted kinemati
al and dynami
alanalysis.Main results Some galaxies display distorted UV morphology, outer rings and arm-likestru
tures, revealing re
ent intense star-formation triggered by ongoing intera
tions. Su
houter rings a

ount for up to 70% of the FUV 
ux, but 
ontain only a small fra
tion ofthe total stellar mass of the galaxy, and are signi�
antly younger than the overall stellarpopulation of the galaxy. UV images also revealed young stellar populations in extremeoutskirts of galaxies, undete
table in the opti
al images. Ages of stellar populations area few Myrs in Irregular galaxies and up to 7 Gyr in Spiral galaxies. Our spe
tral energydistribution modeling of ETGs suggests that the 
urrently a

epted s
enario of `passive'evolution 
an be signi�
antly modi�ed by a

retion or minor merging episodes. About60% of the sample groups are not yet in dynami
al equilibrium, and are at an early stageof their evolution.Relevan
e New deep, wide-�eld UV imaging from GALEX allowed us to 
hara
ter-ize star-formation in a signi�
ant galaxy group sample. The ensemble of our results
ontributes to the understanding of the me
hanisms through whi
h galaxies of di�erentmorphologi
al types are a
tively 
o-evolving within groups. A multi-wavelength approa
hand the spa
e UV window in parti
ular proved to be 
ru
ial in order to pla
e galaxy groupsin an evolutionary 
ontext.Summary of publi
ations 4 papers published, 1 submitted and 1 in preparation in mainjournals; 4 
onferen
e pro
eedings.The 
over page ba
kground shows a mosai
 of new 
omposite-
olor (FUV blue and NUVyellow) GALEX images of some galaxies of the studied sample.1



1 Why study galaxy groups?Galaxy groups, su
h as the Lo
al Group (LG) in whi
h the Milky Way is lo
ated, aregravitationally bound systems with less than � 50 galaxies, dimensions of . 1-2 Mp
and velo
ity dispersions (the velo
ity s
atter of the individual members within the group)of about 150 - 500 km/s. Their importan
e is twofold: a) � 60% of galaxies in thenearby universe resides in groups, b) the transition between galaxy properties typi
al of�eld1 and 
lusters2 happens just at the 
hara
teristi
 densities of groups. Spiral galaxies,typi
ally found in the �eld, are transformed into early-type galaxies, 
ommon in 
lusterenvironments, and groups evolve from an `a
tive' (star forming) phase, to a more `passive'phase.It is known that environment of a galaxy is linked to most of its properties. For exam-ple, ETGs are more likely found in denser areas while Spirals are more often found in lowerdensity environments. Galaxies in sparse environments show a higher star-formation ratethan those in denser areas. Whether the relationship between lo
al density and the prop-erties of a galaxy is intrinsi
 or a result of physi
al pro
esses driven from the environmentafter the galaxy formation is still an open issue. Among the physi
al pro
esses that play arole in galaxy transition, merging events 
an transform Spiral galaxies in Ellipti
als (e.g.,Toomre & Toomre 1972, ApJ, 178, 623) and may also quen
h future star-formation byeje
ting the interstellar medium via starburst. Sin
e velo
ity dispersions of groups are
omparable to the velo
ity dispersion within individual galaxies, galaxy-galaxy mergingand intera
tions are more likely in groups than in 
lusters or in the �eld.While galaxy 
lusters are well studied, our knowledge of galaxy evolution within groupsis still s
anty, in spite of their relevan
e in understanding the star-formation history of theuniverse. In parti
ular, whether an evolutionary link exists between groups dominated byEllipti
al galaxies and groups dominated by Spiral/Irregular galaxies, i.e. whether theyrepresent two evolutionary stages, is still un
lear.UV wide-�eld imaging from GALEX3 makes it possible, for the �rst time, to studya signi�
ant sample of groups in the UV, and to 
hara
terize their re
ent star-formationa
tivity. In this 
ontext, we have sele
ted and analyzed a sample of galaxy groups span-ning a wide range of properties, in ri
hness of members galaxies, velo
ity dispersion,morphologi
al types and spatial distribution.We des
ribe in the next se
tion the sele
tion of the group sample and the data. Theanalysis is des
ribed in Se
tion 3, and main results are presented in Se
tion 4. Futureperspe
tives are dis
ussed in Se
tion 5.1Isolated galaxies, typi
ally Spirals.2Systems 
ontaining hundred or thousands of galaxies where ETGs are the predominant type.3GALEX is a NASA Small Explorer, providing the �rst 
omprehensive map of the sky in the ultra-violet. It performs imaging and spe
tros
opi
 observations from spa
e in two bands, far-UV (1344-1786�A) and near-UV (1771-2831 �A). An overview of the surveys, 
overage, depth and 
ontent 
an be foundin Bian
hi (2009, Ap&SS, 320, 11)
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2 UV observations of galaxy groups with GALEX2.1 Choi
e of the galaxy groupsWe sele
ted our sample of galaxy groups starting from the 
atalog of Ramella et al. 2002,(AJ, 123, 2976) whi
h in
ludes 1168 groups of galaxies to a limiting magnitude mB �15.5. The 6846 galaxies of the 
atalog were 
ross-mat
hed with the GALEX and SloanDigital Sky Survey (SDSS)4 ar
hives. In order to make a detailed morphologi
al andphotometri
 analysis, we 
hose only groups within 40 Mp
, and 
omposed of at least10 galaxies, to minimize 
ontamination by superposition of �eld galaxies. We sele
ted asample of 8 groups, having between 10 and 47 members and a fra
tion of ETGs varyingfrom 20% to 70%, with UV and opti
al data available for most galaxy members. Weobtained new GALEX imaging of the remaining galaxies thanks to a su

essful proposalin the 6th NASA GALEX 
all for proposals (Prin
ipal Investigator A. Marino): the newobservations are almost 
ompleted. In addition, we analyzed three nearby LG analogsand 40 ETGs belonging to environments with di�ering density.2.2 UV imaging reveals star-formationFigure 1 shows the spatial distribution and GALEX FUV (blue) and NUV (yellow) 
olor-
omposite images of the galaxies in the group LGG 225. It is 
omposed of 15 galaxies witha large number of Spirals. All galaxies but the two ETGs (NGC 3522 and NGC 3457)show eviden
e of tidal distortion and intera
tions. NGC 3447A is the bluest galaxy andit is strongly intera
ting with NGC 3447. NGC 3455, UGC 6035, UGC 6022, and UGC6083 present unambiguous signatures of distortions/asymmetries in their UV morphology.Figure 2 shows GALEX UV and ground-based opti
al images of three galaxies representinga range of properties (see Se
tion 4). Star-forming regions appear very prominent in UVbands5, whi
h reveal young stellar populations indistinguishable in the opti
al images. Inparti
ular, re
ent star-formation is seen in extreme outskirts of galaxies, extending mu
hfurther out than the opti
al images (e.g. NGC 2962, UGC 6035 in Figure 2) as found alsoby Thilker et al. 2007 (ApJS, 173, 538), Bian
hi, 2009 (Ap&SS, 320, 11), Thilker et al.2010 (ApJ, 714L, 171).2.3 Luminosity of groups' member galaxiesFrom UV and opti
al images we measured the galaxy luminosity, and light pro�les in
on
entri
 ellipses. The light pro�le is the 2D distribution of the light as a fun
tion of thedistan
e from the 
enter, and is used to gain information on the 3D stru
ture of galaxies.Figure 3 shows examples of two rather di�erent galaxies and their light pro�les. NGC4This survey uses a dedi
ated 2.5 m opti
al teles
ope in New Mexi
o, to take images of the sky in �vebands : u [2980-4130 �A℄, g [3630-5830 �A℄, r [5380-7230 �A℄, i [6430-8630 �A℄, and z [7730-11230 �A℄.5Massive young stars emit most of their energy in the UV, therefore UV imaging is an ex
ellent probeof 
urrent star-formation. 3



Figure 1: GALEX FUV (blue) and NUV (yellow) 
olor-
omposite images of the galaxy membersof LGG 225 and their spatial distribution on the sky (red 
ir
les: Ellipti
als, blue triangles:Spirals and 
yan pentagons: Irregulars). Note the two strongly intera
ting galaxies NGC 3447and NGC 3447A. A bar is still visible in NGC 3447 while both the underlying disk and themultiple arms are tidally distorted. The sites of re
ent and on-going star-formation, in
ludinga knotty ring around NGC 3447, are unambiguously revealed in the UV. Most galaxies showsignatures of morphologi
al distortions and asymmetries: e.g the outer arms of NGC 3455 arepossibly tidally distorted, UGC 6035 and UGC 6022 are very irregular and probably distortedby an intera
tion event.
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Figure 2: Color-
omposite UV (FUV blue, NUV yellow, left panels) and opti
al (SDSS, g blue,r green, i red, right panels) images of the Ellipti
al (passively evolving) NGC 5813 (top), of theLenti
ular with a star forming ring NGC 2962 (middle) and of the Irregular UGC 6035 (bottom).Note the ring stru
ture of NGC 2962 more prominent and de�ned in the UV than in opti
al,and bluer than the nu
leus. The UV and opti
al images are on the same s
ale: the UV emissionof NGC 2962 and UGC 6035 extends mu
h further out than their respe
tive opti
al images.
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5636 has an outer ring quite prominent in the UV, its 
olor is bluer than the 
entralpart of NGC 5636 and NGC 5638, indi
ating that its light is dominated by young stellarpopulations. On the 
ontrary, NGC 5813 is an Ellipti
al with an old stellar population(see Se
tion 3.5).We also show in Figure 3 the spe
tral energy distribution (SED) of NGC 5636 andNGC 5638 from FUV to near infrared. The SEDs are similar at opti
al wavelengthsbut show a di�erent slope at UV wavelengths, indi
ating a range of ages of the stellarpopulations.3 Deriving physi
al properties of galaxy groups3.1 Estimating age and stellar mass of the galaxiesIn order to estimate age and stellar mass of ea
h galaxy, and the total stellar mass ofthe groups, we 
ompared the observations with syntheti
 stellar population models. We
omputed a grid of models, using the 
ode GRASIL6 (Silva et al. 1998, ApJ, 509, 103),whi
h in
ludes the e�e
t of age-dependent interstellar extin
tion with young stars beingmore a�e
ted by dust. Typi
al star-formation histories (SFHs) for Spirals, Ellipti
alsand Irregulars were assumed. Figure 3 shows, as an example, the measured SEDs (�lledpoints) and the best �t models (line) obtained for the ring galaxy NGC 5636 (age � 1Gyr, stellar mass 7.8 � 107 solar masses) and for the Ellipti
al NGC 5638 (age � 12.5Gyr, stellar mass 1 � 109 solar masses). The latter is well �tted using models of passiveevolution while the FUV ex
ess in the SED of NGC 5636 suggests a SFH di�erent from
anoni
al assumptions. The outer ring of NGC 5636 
ontains less than 10% of the totalstellar mass and is younger than the main galaxy population.3.2 Evolution of galaxy groups: from `a
tive' to `passive'We 
hara
terize the evolutionary phase of ea
h group by performing a luminosity-weightedkinemati
al and dynami
al analysis based on the virial method (Ferguson & Sandage,1990, AJ, 100, 1). This approa
h allow us to des
ribe in an homogeneous way the prop-erties of the group environments. Figure 4 shows the relative positions of the galaxymembers in two very di�erent groups on a linear s
ale, enabling a dire
t 
omparison ofgroup 
ompa
tness. LGG 127 (left panel) is an example of loose group while USGC U677(right panel) is 
ompa
t and more evolved. The 
ompa
tness of a group is quanti�ed bythe harmoni
 radius7 (
ir
le in Figure 4), typi
ally larger in loose groups than in 
om-pa
t ones. We �nd that about 60% of the sample is still dynami
ally young, with galaxy6GRASIL (whi
h stands for GRAphite and SILi
ate), is a 
ode to 
ompute the spe
tral evolution ofstellar systems taking into a

ount the e�e
ts of dust, whi
h absorbs and s
atters opti
al and UV photonsand emits in the Infrared region.7RH = �i�j<iwiwj�i�j<i(wiwj)=(ri�rj) , r is the proje
ted separation between galaxy i and j, and w is the NUVluminosity weight. 6



Figure 3: Top: UV and opti
al light pro�les (left) and FUV to near-infrared SED (right �lledpoints) with the best �ts model (line) of the lenti
ular NGC 5636. Middle:
olor-
omposite FUV(blue) and NUV (yellow) and opti
al (g blue, r green, i red) images of the ring galaxy NGC 5636and of the ellipti
al NGC 5638. The two 
ompanion galaxies belong to a larger group of sevengalaxies. Bottom: like in the top for NGC 5638. The ring stru
ture of NGC 5636 appears bluerthan the nu
leus, indi
ating a young 
omponent in the mix of the stellar populations. Ages arein Myr. 7



Figure 4: Position of the galaxies in a square of 4.5 � 4.5 Mp
2 of the likely un-virializedgroup LGG 127 (left) and of the dynami
ally relaxed USGC U677. The 
ir
le represents theB luminosity-weighted harmoni
 radius 
entered on the group 
enter of mass. Note the galaxydistribution rather irregular in the un-virialized group in 
omparison to the virialized one.groups dominated by Spiral galaxies having the larger 
rossing time8. The virial mass ofthe groups ranges between 1 � 1012 and 2 � 1013 solar masses, and is larger than thetotal stellar mass of their member galaxies.4 Understanding 
o-evolution of galaxies and theirhost groups4.1 Lo
al Group analogsThe analysis of three nearby groups (LGG 93, LGG 127 and LGG 225) dominated bySpiral/Irregular galaxies shows that a few member galaxies in LGG 225 have a distortedUV morphology due to ongoing intera
tions (Figure 1). (FUV-NUV) 
olors suggest thatSpirals in LGG 93 and LGG 225 host stellar populations in their outskirts younger thanthat of M31 and M33 in the LG or with less interstellar dust. The Irregular intera
tinggalaxy NGC 3447A (Figure 1) has a signi�
antly younger stellar population (few Myr old)than the average of the other Irregular galaxies in LGG 225, suggesting that the en
ountertriggered star-formation (see Figure 1). The two early-type members of LGG 225 havestellar masses of the order of a few 109 M�, 
omparable to the LG Ellipti
als. For themost massive Spiral in LGG 225, we estimate a stellar mass of � 4 � 1010 M�, 
omparableto M33 in the LG and mu
h lower than the LG's most massive Spirals (Milky Way andM31). Ages of stellar populations range from a few to � 7 Gyr for the galaxies in LGG225. The kinemati
al and dynami
al analysis indi
ates that LGG 127 (Figure 4 left panel)and LGG 225 (Figure 1) are in a pre-virial 
ollapse phase, i.e. still undergoing dynami
al8The time a typi
al galaxy takes to 
ross the system.8



relaxation, while LGG 93 is likely virialized. Both the photometri
 and the dynami
alanalysis suggest that LGG 225 is similar to the LG with many galaxies undergoing star-formation, and intera
tions between members, and it is in a more a
tive evolutionaryphase than both LGG 93 and LGG 127. The total stellar masses (sum of the stellar massof all galaxies) of LGG 225, LGG 93 and LGG 127, are estimated between 5 and 35 �1010, 4 � 109 and �4 � 1010 solar masses respe
tively.Results of this work were published in the paper Marino et al. 2010, Astronomy &Astrophysi
s, 511, A29.4.2 What drives ETG evolution?Lo
al ETGs are 
onsidered the fossil re
ord of the pro
ess of galaxy formation. However,thanks to UV imaging from GALEX, there is growing eviden
e that rejuvenation episodes
an o

ur in the star-formation history of ETGs, although it is still un
lear how signi�
antand frequent they have been during the Hubble time9We analyzed 40 ETGs, members of nearby groups, to 
hara
terize their stellar pop-ulations. Most ETGs present an undisturbed UV morphology but � 15% of the sampleshows outer rings, and shell stru
tures very prominent in UV and indi
ative of re
entmerger/a

retion events. Figure 2 shows the 
omposite UV and opti
al images of tworepresentative 
ases. NGC 5813 is a passively evolving galaxy, while NGC 2962 shows ablue ring whi
h reveals re
ent star-formation. We �nd that FUV-NUV pro�les be
omeredder with in
reasing gala
to-
entri
 distan
e in most ETGs. We think that this is due,at least in part, to a metalli
ity10 gradient. We 
hara
terized light pro�les of the undis-turbed ETGs, using a Sersi
 law.11 The Sersi
 index n varies from 1 to 16 in the UVbands. ETGs with n > 4 tend to have large value of [�/Fe℄12 implying a short star-formation time s
ale. S0s (ETGs with n = 3� 1,) have low values of [�/Fe℄. Combinedwith spe
tros
opi
ally derived information on metal abundan
e, the pi
ture emerges thatamong ETGs, fast rotators having a disk, like S0s, have star-formation histories di�erentfrom those of slow rotators (like Ellipti
als). In the latter, episodes of rejuvenation arelikely driven by small a

retion events.Results of this work were a

epted for publi
ation in Monthly Noti
es of the RoyalAstronomi
al So
iety Journal (Marino at al. 2010 in press).9The re
ipro
al of the Hubble 
onstant H0 with H0 the 
onstant of proportionality between thedistan
e D to a galaxy and its velo
ity v.10In astronomy, indi
ates all 
hemi
al elements heavier than hydrogen and helium.11A mathemati
al fun
tion that des
ribes how the intensity of a galaxy varies with distan
e from its
enter: �(r) � r1=n, � is the surfa
e brightness measured in magnitudes per square ar
se
ond; n, 
alledthe `Sersi
 index', 
ontrols the degree of 
urvature of the pro�le.12Abundan
e of the alpha elements (e.g. Mg, Si, Ne,Ca so-
alled sin
e their most abundant isotopesare integer multiples of the mass of the helium nu
leus) in 
omparison with the Fe abundan
e.
9



4.3 The transition from Spirals to Ellipti
als: S0 with star-forming rings dis
overed with GALEXAmong the ETG sample, lenti
ulars (S0) galaxies show intermediate properties betweenEllipti
als and Spirals. They are disk galaxies, like Spirals, but are dominated by agingstars, like Ellipti
als. Sin
e S0s are typi
ally found in dense environments, su
h as galaxy
lusters, their properties have been interpreted as a phase in the evolution of galaxies inwhi
h Spirals are transformed into S0s as their gas is removed by ram-pressure, and on-going star formation is quen
hed. In our sample, �ve S0s show UV-bright ring stru
turesin their outer disks, 
hara
terized by the presen
e of a bar. Ring stru
tures are prominentin UV (e.g. NGC 2962 in Figure 2 and NGC 5636 in Figure 3), their luminosity a

ountfor up to 70% of the total galaxy FUV luminosity. Outer rings are bluer than the 
entralpart of the galaxy and reveal re
ent star-formation: their stellar populations are only afew Myrs old, i.e. younger than the overall galaxy and their stellar mass is a small fra
tion(< 10%) of the total galaxy stellar mass.The results of this work were presented at the `UV Universe 2010' meeting, St. Pe-tersburg June 2010, and a paper is also submitted to the Astrophysi
al Journal.5 Future perspe
tives and out
ome of the fellowshipThe work performed during the two-year fellowship has laid the foundations for a widerprogram to investigate galaxy properties and evolution in di�erent environments, andopened a number of resear
h paths. A. Marino plans to 
ontinue this program maintainingthe 
ollaboration built between the resear
h groups of Prof. Bian
hi at JHU and Dr.Rampazzo at Padova Observatory. Using the approa
h and methods developed duringthe past two years, we will 
omplete the analysis of the galaxy group sample, expandthe model analysis, and 
ompare the galaxy groups properties with �eld and 
lusterenvironments, in order to better 
larify the role of the galaxy groups in the evolution ofthe universe.A
knowledgmentsI am grateful to the Italian S
ientist and S
holars in North Ameri
a Foundation (ISS-NAF) and to Thales Alenia Spa
e; without their support su
h a 
omprehensive studywould not have been possible. I wish to thank Prof. Lu
iana Bian
hi and her 
ollabora-tors at JHU, and Dr. Roberto Rampazzo and his 
ollaborators at INAF - Observatoryof Padua for support, dire
tions, useful dis
ussions and suggestions, and the Dept of ofPhysi
s and Astronomy at JHU for the hospitality.
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s & Spa
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hi, R. Rampazzo, L. Buson, D. BettoniGALEX 
y
le 6.{ Title: `The outer atmospheres of 
are stars dis
overed with GALEX in thenear-UV'Prin
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