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Rapid growth of galaxies
at z ~ 1 – 4

Baryonic mass accretion?
Early dynamical evolution?

Angular momentum?

Bulge vs disk formation?
Star formation and timescales?

Key Science 
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Förster Schreiber et al. (2006, 2009); 
Genzel et al. (2006, 2008); Bouché et al. (2007);
Shapiro et al (2008); Cresci et al. (2009)
Also, e.g., Swinbank et al. (2006); Stark et al. (2008);
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van Starkenburg et al. (2008); Epinat et al. (2009);
Mannucci et al. (2009)
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Spatial Resolution
Gain with AO

no AO with AO

PSF FWHM 0".5 PSF FWHM 0".18
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Dynamical Evolution 
of Gas-rich Disks

Förster Schreiber, Shapley, et al. (2009); Genzel et al. (2008)

1 2 3 4

(Also, Cowie et al. 1995; van den Bergh et al. 1996;
Giavalisco et al. 1996; Conselice et al. 2004;
Lotz et al. 2004; Papovich et al. 2005; 
Toft et al. 2007; Law et al. 2007;
Elmegreen, Elmegreen, et al. 2004-2008; and others)

SINFONI +AO resolution
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Bournaud et al. (2007; 2008)
Also, e.g., Noguchi (1999); Immeli et al. (2004a, b);
Semelin & Combes (2002); Naab et al. (in prep.)

Dynamical Evolution 
of Gas-rich Disks

Förster Schreiber, Shapley, et al. (2009); Genzel et al. (2008)
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Dynamical Evolution of Gas-rich Disks

Stellar surface density

Velocity field

Bournaud et al. (2007; 2008; 2009)
Also: Immeli et al. (2004a,b); Naab et al. (in prep.)

Förster Schreiber, Shapley, et al. (2009); Genzel et al. (2008) 



Erin K. S. Hicks – AAS – June 2009

Evidence for 
Bulge Growth? BX610 

z=2.21

BX389
z=2.17

D3a6004 
z=2.39
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ACS: green
NICMOS: red

MD41 
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Genzel et al. (2008)
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Rapid Star Formation/Mass Accretion:
Major Mergers or Smoother Infall?

τ ~  τgas ~  500 Myr ~  several τdyn <<  tHubble

Major mergers 

(e.g., Toomre & Toomre 1972; Barnes & Hernquist 1996;
Springel & Hernquist 2005; di Matteo et al. 2005;
Naab & Burkert 2003,2006; Hopkins et al. 2006;

Tacconi et al. 2006,2008; Swinbank et al. 2006
Robertson et al. 2008)

(e.g., Dekel & Birnboim 2003,2006; Kereš et al. 2005;
d'Onghia et al. 2006; Kitzbichler & White 2007;
Guo & White 2008; Davé 2008; Noeske et al. 2007;
Elbaz et al. 2007; Daddi et al. 2007; 
Dekel et al. 2008, 2009; Genel et al. 2008, 2009)

Cold flows/minor mergers
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Subsequent 
Evolution

Robertson et al. (2005)

140 kpc

Gas-rich mergers + vigorous feedback

Gas-rich star-forming disk:
disk fragmentation + bulge formation

Immeli, Gerhard, et al. (2004)

∼2 Gyr

38 kpc

Major mergers?
Secular evolution?

e.g., Noguchi 1999; 
van den Bosch 2002;
Croton et al. 2005; 
Governato et al. 2006, 2007;
Dekel et al. 2007;
Bournaud et al. 2007; 2008;
Carollo et al. 2007; and others
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SINS Key Results

Kinematics of SINS massive star-forming galaxies at z ~ 2
• ~1/3 rotation-dominated, ~1/3 compact dispersion-dominated,           

~1/3 mergers
• Fraction of rotation-dominated systems increase at higher masses

Properties of massive z ~ 2 star-forming disks
• Significantly more turbulent and gas-rich than local disks
• Higher SFRs, large luminous/massive clumps

Mass assembly, early evolution, and star formation activity
• Evidence for smooth+rapid mass accretion via cold flows/minor mergers
• Evidence for internal/secular processes in gas-rich disks & rapid bulge 

formation



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


