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EarlyEarly--type galaxiestype galaxies

Fast and slow rotatorsFast and slow rotators

TriaxialTriaxial objectsobjects
–– KinematicallyKinematically decoupled coresdecoupled cores
–– Black holesBlack holes

SummarySummary

Recent Results from the        Recent Results from the        

Survey  Survey  

EarlyEarly--type                           Latetype                           Late--typetype
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Galaxy Formation and EvolutionGalaxy Formation and Evolution
Galaxies form by hierarchical accretion/mergingGalaxies form by hierarchical accretion/merging
–– Matter clumps through gravitationMatter clumps through gravitation
–– Primordial gas starts forming first starsPrimordial gas starts forming first stars
–– Stars produce heavier elementsStars produce heavier elements
–– Subsequent generations of stars                                 Subsequent generations of stars                                 

contain more metalscontain more metals

Galaxy encounters still occurGalaxy encounters still occur
–– Deformation, stripping, mergingDeformation, stripping, merging
–– Galaxies continue to evolveGalaxies continue to evolve

Central black hole also influences evolutionCentral black hole also influences evolution

Observational ApproachesObservational Approaches
Study very distant galaxiesStudy very distant galaxies
–– Observe evolution (far away = long ago)Observe evolution (far away = long ago)
–– Objects faint and small: little information Objects faint and small: little information 

Study nearby galaxiesStudy nearby galaxies
–– Light not resolved in individual starsLight not resolved in individual stars
–– Objects large and bright: internal structureObjects large and bright: internal structure
–– Infer evolution through archaeologyInfer evolution through archaeology
–– Fossil record is cleanest in earlyFossil record is cleanest in early--type galaxiestype galaxies

Study resolved stellar populationsStudy resolved stellar populations
–– Ages, Ages, metallicitiesmetallicities and motions of starsand motions of stars
–– Archaeology of Milky Way and its Archaeology of Milky Way and its neighborsneighbors
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EarlyEarly--type Galaxies  type Galaxies  

The                  ProjectThe                  Project
Systematic study of Systematic study of representativerepresentative sample of 48 sample of 48 
nearby E/S0 galaxies and 24 Sa bulges nearby E/S0 galaxies and 24 Sa bulges 
GroundGround--basedbased integralintegral--field spectroscopy + imaging field spectroscopy + imaging 
–– Kinematics of stars/gas and lineKinematics of stars/gas and line--strengthsstrengths
–– LargeLarge--scale surfacescale surface--brightness distribution brightness distribution 

Hubble Space Telescope imagingHubble Space Telescope imaging
Construction of models to determine:Construction of models to determine:
–– M/L, intrinsic shape and stellar motionsM/L, intrinsic shape and stellar motions
–– Mass of central black hole, and relation to galaxy structureMass of central black hole, and relation to galaxy structure
–– Origin and properties of ionised gasOrigin and properties of ionised gas
–– History of metal enrichment of the starsHistory of metal enrichment of the stars

de de ZeeuwZeeuw et al. 2002, MNRAS, 329, 513et al. 2002, MNRAS, 329, 513
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IntegralIntegral--field Spectroscopyfield Spectroscopy

GalaxyGalaxy ImageImage

Velocity fieldVelocity field

Velocity curveVelocity curve

IntegralIntegral
fieldfield

LongLong
slitslit

IntegralIntegral--field Spectrographsfield Spectrographs
Various optical designs (Various optical designs (lensletslenslets, , fibersfibers, , slicersslicers))

Most emphasis on small fields, high resolution, Most emphasis on small fields, high resolution, 
assisted by adaptive optics assisted by adaptive optics (e.g., OASIS(e.g., OASIS™™; SINFONI; SINFONI))

Need Need panoramicpanoramic spectrograph to study galaxiesspectrograph to study galaxies
–– Use Use lensletslenslets to maximize throughput (TIGERto maximize throughput (TIGER™™ design)design)
–– Field of view to cover galaxy in a few Field of view to cover galaxy in a few pointingspointings
–– 1500 spectra in a single exposure1500 spectra in a single exposure

⇒⇒ ™™LyonLyon
Bacon et al. 2001, MNRAS, 326, 23Bacon et al. 2001, MNRAS, 326, 23
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William Herschel TelescopeWilliam Herschel Telescope

The                  TeamThe                  Team
3 co3 co--PIs: PIs: 

–– Bacon, Davies, de Bacon, Davies, de ZeeuwZeeuw

9 co9 co--investigatorsinvestigators
–– CappellariCappellari, , EmsellemEmsellem, Falcon, Falcon--BarrosoBarroso, , KrajnoviKrajnovićć, , 

KuntschnerKuntschner, , McDermidMcDermid, , PeletierPeletier, , SarziSarzi, van de , van de VenVen

7 associates7 associates
–– R. van den Bosch, Bureau, Houghton, R. van den Bosch, Bureau, Houghton, MorgantiMorganti, , 

OosterlooOosterloo, Shapiro, , Shapiro, WeijmansWeijmans

httphttp://www.strw.leidenuniv.nl/sauron://www.strw.leidenuniv.nl/sauron
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on the WHTon the WHT
Main surveyMain survey
–– 56 nights (36 clear) in 9956 nights (36 clear) in 99--03: ~150000 spectra03: ~150000 spectra
–– Full set of analysis tools developedFull set of analysis tools developed
–– Many papers (mostly in MNRAS), more to comeMany papers (mostly in MNRAS), more to come
–– FollowFollow--up observations in e.g., HI, CO & up observations in e.g., HI, CO & GalexGalex/Spitzer/Spitzer

Collaborative projectsCollaborative projects
–– LateLate--type spirals type spirals ((GandaGanda et al. 2006, 2007)et al. 2006, 2007)

–– SeyfertSeyfert galaxies galaxies (Dumas/(Dumas/Emsellem/MundellEmsellem/Mundell et al. 2006, 2007)et al. 2006, 2007)

–– M100M100 (Allard, (Allard, KnapenKnapen et al. 2005, 2006)et al. 2005, 2006)

–– Stellar kinematics at Stellar kinematics at 33--55 RRee ((WeijmansWeijmans et al. 2008)et al. 2008)

–– LyLyαα blobs at blobs at redshiftredshift 3.23.2 (Bower/(Bower/WilmanWilman et al. 2004, 2005)et al. 2004, 2005)

48 Representative E/S0 Galaxies 48 Representative E/S0 Galaxies 
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Integral Field Data Integral Field Data 
Total fluxTotal flux
–– Morphology, photometryMorphology, photometry

Absorption linesAbsorption lines
–– Stellar kinematicsStellar kinematics

V, V, σσ, higher moments h, higher moments h33, h, h44

–– Line strength indicesLine strength indices
HHββ, , MgbMgb, Fe5015, Fe5270, Fe5015, Fe5270

Emission linesEmission lines
–– Gas distributionGas distribution

HHββ, [OIII], [NI], [OIII], [NI]

–– Gas kinematicsGas kinematics
V(HV(Hββ)), V([OIII]), , V([OIII]), FWHM(HFWHM(Hββ)), FWHM([OIII]), FWHM([OIII])

Reconstructed V imageStellar Velocity FieldMgb Line Index[OIII] Line intensityGas Velocity Field

EmsellemEmsellem et al. 2004, MNRAS, 352, 721et al. 2004, MNRAS, 352, 721

SAURON Stellar Velocity FieldsSAURON Stellar Velocity Fields
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Quantifying Kinematics: V/Quantifying Kinematics: V/σσ

V/V/σσ quantifies rotation vs. random motionquantifies rotation vs. random motion
Rotating galaxies are Rotating galaxies are ‘‘flatterflatter’’ (higher (higher εε))
No clear relation with No clear relation with ‘‘E/S0E/S0’’ or velocity mapsor velocity maps

NGC5813

NGC3379

Ellipticals

Lenticulars

KinematicKinematic ClassificationClassification
Two classes of earlyTwo classes of early--type galaxiestype galaxies
–– Either ordered rotation or no rotation Either ordered rotation or no rotation 

except in central componentexcept in central component
–– Standard V/Standard V/σσ parameter cannot parameter cannot 

always distinguish thesealways distinguish these

New parameterNew parameter
–– Use entire velocity field to define Use entire velocity field to define 

rotational state rotational state 

–– Parameter Parameter 

–– Test against dynamical modelsTest against dynamical models
EmsellemEmsellem et al. 2007, MNRAS, 379, 401et al. 2007, MNRAS, 379, 401
CappellariCappellari et al. 2007, MNRAS, 379, 418et al. 2007, MNRAS, 379, 418

NGC5813

NGC3379
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λλRR versus versus ellipticityellipticity εε

Radial Profile of Radial Profile of λλRR

SR have quite flat 
or decreasing λR

FR have high 
and rising λR
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Fast rotators: generally wellFast rotators: generally well--aligned systemsaligned systems
Slow rotators: less symmetrySlow rotators: less symmetry

KinematicKinematic MisalignmentMisalignment
ΨΨ

Barred

Fast Rotators Fast Rotators 

Stellar kinematics resembles that of circular diskStellar kinematics resembles that of circular disk
Embedded in nearly stationary spheroid/bulgeEmbedded in nearly stationary spheroid/bulge

i=20° i=46° i=79°

Stellar velocity fieldStellar velocity field
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Structure of E/S0 GalaxiesStructure of E/S0 Galaxies
Oblate Oblate fastfast rotators (E & S0)rotators (E & S0)
–– High specific angular momentumHigh specific angular momentum
–– Embedded stellar diskEmbedded stellar disk
–– Often Often radiallyradially anisotropic in disk planeanisotropic in disk plane
–– Generally steep luminosity cuspGenerally steep luminosity cusp

TriaxialTriaxial slowslow rotators (E) rotators (E) 
–– Some central rotation, but negligible Some central rotation, but negligible 

specific angular momentumspecific angular momentum
–– Not necessarily strongly anisotropic Not necessarily strongly anisotropic 
–– Generally shallow luminosity cuspGenerally shallow luminosity cusp

Slow rotator (NGC 4458)Slow rotator (NGC 4458)

(km/s)(km/s)

(km/s)(km/s)

Fast rotator  (NGC 4660)Fast rotator  (NGC 4660)

EmsellemEmsellem et al 2007, et al 2007, CappellariCappellari et al 2007, MNRAS, 379, 401 & 418et al 2007, MNRAS, 379, 401 & 418

Dynamical ModelsDynamical Models

Generate library of orbits for given potentialGenerate library of orbits for given potential
Find combination that reproduces observed Find combination that reproduces observed 
properties: mass, velocity, velocity dispersionproperties: mass, velocity, velocity dispersion……
Determine: M/L, black hole mass, orbit structureDetermine: M/L, black hole mass, orbit structure

Images of model orbitsImages of model orbits Observed galaxy imageObserved galaxy image

Stellar orbit trackStellar orbit track Image of orbit on skyImage of orbit on sky

TimeTime



12

A Fast and a Slow RotatorA Fast and a Slow Rotator
NGC 3377NGC 3377

M87M87
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Normal rotationNormal rotation

No mean rotationNo mean rotation

V          V          σσ hh33 hh44

NGC 4550NGC 4550
V        V        σσ hh3             3             hh44

Two counter rotating components Two counter rotating components 
–– DoubleDouble--peaked absorption lines peaked absorption lines ((RixRix et al. 1992)et al. 1992)
–– SAURON: accurate decomposition, in phase spaceSAURON: accurate decomposition, in phase space

Both components are disksBoth components are disks
–– Same mass Same mass 
–– Different scale heightDifferent scale height

CounterCounter--rotating diskrotating disk

Main galaxy diskMain galaxy diskM
od

el
   

   
   

  D
at

a
M

od
el

   
   

   
  D

at
a



13

NGC4473NGC4473

Two counterTwo counter--rotating componentsrotating components
–– Absorption lines not doubleAbsorption lines not double--peakedpeaked
–– Mass decomposition only possible in phase spaceMass decomposition only possible in phase space

Flatter component is 30% of total massFlatter component is 30% of total mass

V             V             σσ hh3                 3                 hh44

Main galaxy spheroidMain galaxy spheroid

CounterCounter--rotating diskrotating disk
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LineLine--strengthsstrengths
SAURON covers HSAURON covers Hββ, Fe, Fe50155015, [OIII], , [OIII], MgMgbb & Fe& Fe52705270
Measure Lick/IDS indices Measure Lick/IDS indices 

Stellar population models Stellar population models ⇒⇒ luminosityluminosity--weighted  weighted  
age and age and metallicitymetallicity
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Kinematics and LineKinematics and Line--strengthsstrengths

II

VV

MgMgbb

FeFe

NGC 4546NGC 4546 NGC 4570NGC 4570 NGCNGC 44064406 NGC 4365NGC 4365NGC 4660NGC 4660 NGC 4382NGC 4382 NGC 4374NGC 4374

NN

EE

KuntschnerKuntschner et alet al. 2006, MNRAS, 369, 4972006, MNRAS, 369, 497

The Fast Rotator NGC 4570 The Fast Rotator NGC 4570 



15

The CounterThe Counter--rotating Disksrotating Disks

MetallicityMetallicity enhanced in flatter diskenhanced in flatter disk
These counterThese counter--rotating disks are rotating disks are ~~coevalcoeval

NGC 4550NGC 4550 NGC 4473NGC 4473

NGC 4365NGC 4365
KinematicallyKinematically Decoupled CoreDecoupled Core
–– LongLong--axis rotator, core rotates                                   axis rotator, core rotates                                   

around short axis around short axis ((SurmaSurma & Bender 1995) & Bender 1995) 

SAURON kinematics:SAURON kinematics:
–– Rotation axes of main body and                                  Rotation axes of main body and                                  

core misaligned by 82core misaligned by 82o  o  

–– Consistent with Consistent with triaxialtriaxial shape, both                              shape, both                              
longlong--axis & shortaxis & short--axis tubes occupiedaxis tubes occupied

Customary interpretation:Customary interpretation:
–– Core is distinct, and remnant of                                Core is distinct, and remnant of                                

last major accretionlast major accretion
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Formation of NGC 4365 Formation of NGC 4365 

Core & main body: common star formation history Core & main body: common star formation history 
No recent star formation: No recent star formation: triaxialtriaxial structure longstructure long--lived lived 
Core remnant of last major accretion on nearly Core remnant of last major accretion on nearly 
perpendicular orbit more than 12 perpendicular orbit more than 12 GyrGyr ago?ago?

Davies et al. 2001, Davies et al. 2001, ApJApJ, 548, L33, 548, L33

TriaxialTriaxial Dynamical ModelDynamical Model
ParametersParameters
–– Two axis ratios, two viewing       Two axis ratios, two viewing       

angles, M/L, Mangles, M/L, MBHBH

BestBest--fit modelfit model
–– Fairly oblate (0.7:0.95:1) Fairly oblate (0.7:0.95:1) 
–– Short axis tubes dominate,               Short axis tubes dominate,               

but ~50% but ~50% counter rotatecounter rotate,              ,              
except  in core; except  in core; cfcf NGC4550NGC4550

–– LongLong--axis rotation dominates       axis rotation dominates       
except in coreexcept in core

–– KDC KDC notnot a physical subunit,              a physical subunit,              
but appears so because of   but appears so because of   
embedded counterembedded counter--rotating structurerotating structure

van den Bosch et al. 2008, MNRASvan den Bosch et al. 2008, MNRAS
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Slow Rotators: Slow Rotators: TriaxialTriaxial ModelsModels

Slow Rotators: Slow Rotators: TriaxialTriaxial ModelsModels
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PropertiesProperties
11 slow rotators in representative SAURON sample11 slow rotators in representative SAURON sample
–– Range of Range of triaxialitytriaxiality: 0.2 : 0.2 ££ T T ££ 0.7 0.7 fifi no no prolateprolate objectsobjects
–– Mildly Mildly radiallyradially anisotropicanisotropic
–– Most have Most have ‘‘KDCKDC’’

Dynamical structure Dynamical structure 
–– Short axis tubes dominate (like FR)Short axis tubes dominate (like FR)
–– Smooth variation with radiusSmooth variation with radius
–– Similar to dry merger simulations                               Similar to dry merger simulations                               

JesseitJesseit et al. 2005, MNRAS, 360, 1185et al. 2005, MNRAS, 360, 1185

–– No sudden transition at RNo sudden transition at RKDC KDC 

KDC not distinct from main bodyKDC not distinct from main body
–– In harmony with smooth In harmony with smooth MgbMgb and Fe gradients and Fe gradients 

van den Bosch et al. 2008, in prep.van den Bosch et al. 2008, in prep.

KinematicKinematic structure on all scales   structure on all scales   

SAURON: global kinematics and lineSAURON: global kinematics and line--strengthsstrengths
OASIS: spatial resolution: zoomOASIS: spatial resolution: zoom--in on nucleusin on nucleus
Allows study of orbital structure near central BHAllows study of orbital structure near central BH
STIS: even sharper, but incomplete viewSTIS: even sharper, but incomplete view

McDermidMcDermid et al., 2006, MNRAS, 373, 906  et al., 2006, MNRAS, 373, 906  NGC 4382NGC 4382
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Ages and Sizes of Ages and Sizes of ‘‘KDCKDC’’ss’’
Slow Rotator

Fast Rotator

McDermidMcDermid et al. 2006, et al. 2006, MNRAS, 373, 906MNRAS, 373, 906

Central Black HolesCentral Black Holes
Many MMany MBHBH measurements with orbitmeasurements with orbit--based modelsbased models
–– General orbital structureGeneral orbital structure
–– AxisymmetricAxisymmetric (oblate) geometry(oblate) geometry

M32 now modeled in general M32 now modeled in general triaxialtriaxial geometrygeometry
–– Oblate shape preferred, Oblate shape preferred, samesame black hole mass and M/Lblack hole mass and M/L

N3379N3379
–– Misalignment Misalignment DYDY ~ 5~ 5o o fifi T ~ 0.15T ~ 0.15
–– Nearly faceNearly face--on (i ~ 40on (i ~ 40oo)                                                           )                                                           
–– Observed dust lane ~ polar ringObserved dust lane ~ polar ring
–– MMBHBH doublesdoubles compared to oblate modelcompared to oblate model
–– Systematic effect in (MSystematic effect in (MBHBH, , ss) at large ) at large ss?    ?    

van den Bosch & de van den Bosch & de ZeeuwZeeuw 2008, MNRAS, submitted2008, MNRAS, submitted
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Summary Summary 
EarlyEarly--type galaxies: rich variety of structuretype galaxies: rich variety of structure
–– KinematicKinematic classification based on SAURON spectroscopyclassification based on SAURON spectroscopy
–– Line strength maps Line strength maps fifi aage and ge and metallicitymetallicity maps maps 

Fast rotatorsFast rotators
–– Nearly oblate, embedded stellar diskNearly oblate, embedded stellar disk
–– Gas accretion and star formationGas accretion and star formation

Slow rotatorsSlow rotators
–– TriaxialTriaxial shapeshape
–– Decoupled cores not separate from main galaxyDecoupled cores not separate from main galaxy
–– Structure formed long ago in dry mergerStructure formed long ago in dry merger
–– Black hole mass derived in oblate geometry suspect Black hole mass derived in oblate geometry suspect 
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Complete Survey: ATLASComplete Survey: ATLAS3D3D

48 E/S048 E/S0’’s: selection introduces complex biasess: selection introduces complex biases
Need Need completecomplete volumevolume--limited sample limited sample ⇒⇒
–– 266 additional objects 266 additional objects 
–– Measure only V and Measure only V and σσ: short exposure times: short exposure times
–– 40 nights on WHT, data taken, and reduced40 nights on WHT, data taken, and reduced
–– PIPI’’ss: : CappellariCappellari, , Emsellem,KrajnovicEmsellem,Krajnovic, , McDermidMcDermid

ATLASATLAS3D3D

PIPI’’ss:  :  EmsellemEmsellem, , CappellariCappellari, , KrajnovicKrajnovic, , McDermidMcDermid


