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Evolution of Cluster GalaxiesEvolution of Cluster Galaxies

The The Butcher-Oemler Butcher-Oemler EffectEffect



2

Astronomy 580 October 2008

Observed Phenomena of Cluster GalaxiesObserved Phenomena of Cluster Galaxies

•• Morphology-Density relation Morphology-Density relation
•• Old ( Old (co-evalco-eval) ) ellipticalsellipticals
•• Butcher-Oemler  Butcher-Oemler effecteffect
•• E+A galaxies E+A galaxies
•• S0 problem S0 problem

•• CD galaxies CD galaxies
•• Suppression of  Suppression of SFRSFR
••  Disk galaxiesDisk galaxies
•• Dwarf galaxies Dwarf galaxies
•• Interactions/Mergers Interactions/Mergers

Formation of Initial GenerationFormation of Initial Generation
of Cluster Galaxiesof Cluster Galaxies

Infall Infall of Field Galaxiesof Field Galaxies

•• Morphology-Density relation Morphology-Density relation
•• Old ( Old (coco--evaleval) ) ellipticalsellipticals
•• Interactions/Mergers Interactions/Mergers

•• S0 problem S0 problem
•• Butcher- Butcher-Oemler Oemler effecteffect
•• E+A galaxies E+A galaxies
•• Suppression of  Suppression of SFRSFR
••  Interactions/MergersInteractions/Mergers

Early Processes Late Processes
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September 2000September 2000

The Butcher-The Butcher-Oemler Oemler EffectEffect
The first evolutionary effect discovered among the galaxy populationThe first evolutionary effect discovered among the galaxy population

Discover as a Discover as a photometric photometric effecteffect

Followed-up with spectroscopy of blue galaxiesFollowed-up with spectroscopy of blue galaxies

Caveats: Caveats: If you readIf you read

““enhanced star formationenhanced star formation”” . . . . .    . . . . .   ““enhancedenhanced”” relative to what? relative to what?

““excess of  . . . . galaxiesexcess of  . . . . galaxies””  . . . . .     . . . . .   ““excessexcess””  compared to what?  compared to what?
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Butcher-Oemler Effect: Blue cluster galaxies

Blue galaxies:Blue galaxies:

•• M(B) < -20 M(B) < -20
•• B-V more than 0.20 B-V more than 0.20
mag mag bluer than thebluer than the
red (E/S0) sequence)red (E/S0) sequence)
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The Butcher-Oemler effect: Fraction of galaxies that are blue

The field fraction is at z = 0

There is large scatter in the
correlation

B-O effect is well-developed
by z = 0.2 (2 Gyrs in the past)

This is a different time-scale
from Dressler’s N(S0)/N(E)

Redshift

field

local clusters

Well-developed
at z=0.2
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Butcher & Oemler (1984)

••A sample of 33 clusters with 0.003 < z < 0.54 shows evolution in theA sample of 33 clusters with 0.003 < z < 0.54 shows evolution in the
fraction of galaxies with B-V colors at least 0.20 fraction of galaxies with B-V colors at least 0.20 mag mag bluer than thebluer than the
ridge line of early-type galaxies (M(B) < -20)ridge line of early-type galaxies (M(B) < -20) 

••The B-O effect is well-developed by z = 0.2 (2The B-O effect is well-developed by z = 0.2 (2 Gyrs Gyrs in the past) in the past)

••Is there real scatter in the trend?Is there real scatter in the trend?
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The Butcher-Oemler effect

Margoniner & de Carvalho (2000)

There is a wide range of valuesThere is a wide range of values
of the blue fractionof the blue fraction

 Blue fraction shows dispersion Blue fraction shows dispersion
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The Butcher-Oemler effect
at higher redshift
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Rakos & Schombert (1995)

B-O effect extends to z = 1
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What are the Butcher-Oemler galaxies ?

ImagingImaging

  CFHT, UH, HSTCFHT, UH, HST

 Morphology ? Morphology ?
 Interactions ? Interactions ?
 Mergers ? Mergers ?

SpectroscopySpectroscopy

  

 Star-formation ? Star-formation ?
 History ? History ?
  Starbursts Starbursts ??
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Imaging of Butcher-Oemler galaxies

Lavery Lavery & Henry 1988& Henry 1988
  10 blue emission-line10 blue emission-line
galaxiesgalaxies

Blue galaxies have a nearestBlue galaxies have a nearest
neighbor distribution thatneighbor distribution that
is different at the 98% is different at the 98% 
level from that of red galaxieslevel from that of red galaxies

Galaxy-galaxy interactions mayGalaxy-galaxy interactions may
induce induce starbursts starbursts and are an and are an 
active agent of the B-O effectactive agent of the B-O effect
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Imaging of Butcher-Oemler galaxies

Lavery Lavery & Henry 1988,1994& Henry 1988,1994
LaveryLavery et al. 1992 et al. 1992

At least 50% of  blue cluster galaxies at z ~ 0.2 are in disk systemsAt least 50% of  blue cluster galaxies at z ~ 0.2 are in disk systems

Star formation is spread over the disks rather than centrallyStar formation is spread over the disks rather than centrally
concentratedconcentrated

Galaxy-galaxy interactions appear to be responsible for theGalaxy-galaxy interactions appear to be responsible for the
enhanced star formation rate in some of these galaxiesenhanced star formation rate in some of these galaxies
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HST imaging of Butcher-Oemler galaxies

•• Blue B-O galaxies are disk-dominated or Irregular systems Blue B-O galaxies are disk-dominated or Irregular systems
•• Mergers/interactions are frequent and appear to play a role in Mergers/interactions are frequent and appear to play a role in
the B-O effectthe B-O effect
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Dressler Dressler et al 1994et al 1994
Couch et al 1994Couch et al 1994
WFPC,WFPC2WFPC,WFPC2
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HST imaging of Butcher-Oemler galaxies: Oemler 1997

••  Most galaxies can be accommodated within the normal Most galaxies can be accommodated within the normal Hubble Hubble sequencesequence
•• Although mergers/interactions are common they cannot account for most Although mergers/interactions are common they cannot account for most
of the blue galaxiesof the blue galaxies
•• The spectroscopic samples are concentrated on the brightest blue galaxies The spectroscopic samples are concentrated on the brightest blue galaxies
and this results in a bias if and this results in a bias if starbursts starbursts enhance luminosity (page 570)enhance luminosity (page 570)

Oemler Oemler et al 1997: Fouret al 1997: Four
rich clusters at z ~ 0.4rich clusters at z ~ 0.4

Probable mergersProbable mergers
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HST imaging of Butcher-Oemler galaxies: Oemler 1997

•• Most galaxies can be accommodated within the normal  Most galaxies can be accommodated within the normal HubbleHubble
sequencesequence

•• Merging/Interacting galaxies are ~ 20% of the population Merging/Interacting galaxies are ~ 20% of the population

••Although mergers/interactions are common they cannot accountAlthough mergers/interactions are common they cannot account
for most of the blue galaxiesfor most of the blue galaxies
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HST imaging of Butcher-Oemler galaxies: Oemler 1997

Oemler Oemler et al 1997: Fouret al 1997: Four
rich clusters at z ~ 0.4rich clusters at z ~ 0.4

  ProbableProbable
 mergers mergers
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Field galaxies at z > 0.5 (Schade et al 1995)
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HST imaging of Butcher-Oemler galaxies: Oemler 1997

••

•• The spectroscopic samples are concentrated on the brightest The spectroscopic samples are concentrated on the brightest
blue galaxies and this results in a bias ifblue galaxies and this results in a bias if starbursts starbursts enhance enhance
luminosityluminosity::

If 15% of galaxies haveIf 15% of galaxies have luminosities luminosities enhanced by 50% then a cut enhanced by 50% then a cut
at Mat M*+*+3 contains 18% of such objects. A cut at M*-1 contains3 contains 18% of such objects. A cut at M*-1 contains
41% of such objects.41% of such objects.

•• The interacting galaxies seem to be responsible for most of the The interacting galaxies seem to be responsible for most of the
galaxies that show spectroscopic signs of galaxies that show spectroscopic signs of starburstsstarbursts..
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HST imaging of Butcher-Oemler galaxies: Oemler 1997

  A sample of spiral galaxiesA sample of spiral galaxies
from all four clustersfrom all four clusters
showing peculiar patterns ofshowing peculiar patterns of
star formationstar formation
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Butcher-Oemler galaxies

  A sample of spiral galaxiesA sample of spiral galaxies
from all four clustersfrom all four clusters
showing peculiar patterns ofshowing peculiar patterns of
star formationstar formation

Field Galaxies (Schade 1995)

Compare cluster and field
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Field galaxies at z > 0.5 (Schade et al 1995)
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HST imaging of Butcher-Oemler galaxies: Oemler 1997

  Distance to nearest neighborDistance to nearest neighbor
versus color: NO EFFECTversus color: NO EFFECT

  Color distributions: SOLIDColor distributions: SOLID
= Merger/Interactions= Merger/Interactions
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Spectroscopic investigations of cluster and field galaxies

The historical approach would discuss The historical approach would discuss Dressler Dressler & Gunn& Gunn
(1982, 1983) Couch  et al. 1987,1994(1982, 1983) Couch  et al. 1987,1994

 Starbursts Starbursts
  Post-starburtsPost-starburts
  E+A galaxiesE+A galaxies
 k + A galaxies k + A galaxies
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Spectroscopic investigations of cluster and field galaxies

Balogh Balogh et al (1997)et al (1997)
CNOC:CNOC:
 15 Rich clusters 15 Rich clusters
 0.2 < z < 0.55 0.2 < z < 0.55
Cluster galaxies at all radii haveCluster galaxies at all radii have
suppressed star formation relativesuppressed star formation relative
to field galaxies at the sameto field galaxies at the same
redshiftsredshifts..
OII emission equivalent width:OII emission equivalent width:
 Clusters 3.8 +- 0.3 Angstroms Clusters 3.8 +- 0.3 Angstroms
 Field     11.2 +- 0.3 Angstroms Field     11.2 +- 0.3 Angstroms

There is no induced, excessThere is no induced, excess
star formation in clustersstar formation in clusters

Radius

W
 (O

II
)
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Spectroscopic investigations of cluster and field galaxies

Balogh Balogh et al (1997)et al (1997)

W (OII)W (OII)
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Spectroscopic investigations of cluster and field galaxies

Balogh Balogh et al (1998)et al (1998)
The difference in starThe difference in star
formation properties isformation properties is
NOTNOT a result of the a result of the
morphology-densitymorphology-density
relationrelation

 (These are both (These are both
different at the 99%different at the 99%
signicicance signicicance level)level)
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Star formation in clustersStar formation in clusters

••  There is no global excess of star formation in clusters relative to the fieldThere is no global excess of star formation in clusters relative to the field
•• Star formation is suppressed in cluster galaxies Star formation is suppressed in cluster galaxies
•• This is not due to the morphology-density relation This is not due to the morphology-density relation

Galaxies of all morphological types that are associated withGalaxies of all morphological types that are associated with
clusters have star formation rates that are SUPPRESSEDclusters have star formation rates that are SUPPRESSED
relative to similar galaxies in the fieldrelative to similar galaxies in the field
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The field galaxy population is evolving
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Spectroscopic investigations of Butcher-Oemler galaxies

Dressler Dressler && Gunn Gunn 1982,1983 1982,1983
    A small sampleA small sample

Couch & Couch & Sharples Sharples 19871987
  Most of the blue excess arises from a population that has undergone a  Most of the blue excess arises from a population that has undergone a
burst of star formation recently (0.1 to 1.5 burst of star formation recently (0.1 to 1.5 Gyr Gyr prior to observation). Inprior to observation). In
the remainder a substantial burst is still in progressthe remainder a substantial burst is still in progress
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Spectroscopic diagnostics of star formation history

Equivalent width of OII is an indicator of present star formation rateEquivalent width of OII is an indicator of present star formation rate

Equivalent width of H-delta is an indicator of recent star formationEquivalent width of H-delta is an indicator of recent star formation
The OII H-delta plane can provide discrimination between starbursts and The OII H-delta plane can provide discrimination between starbursts and 
normal rates of star formationnormal rates of star formation
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Short starburst

Dusty starburst?/ AGN ?

Truncated
 SF

Comparison of starburstsComparison of starbursts
and post-starburst frequencyand post-starburst frequency
between cluster and fieldbetween cluster and field

  CNOC DataCNOC Data

Diagnostic diagramDiagnostic diagram
  Balogh Balogh et al.  (1999)et al.  (1999)

Spectroscopic investigations of Butcher-Oemler galaxies
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Questions

•• Does association with cluster induce star formation in disk galaxies? Does association with cluster induce star formation in disk galaxies?
••  Does association with cluster induce bursts of star formation?Does association with cluster induce bursts of star formation?
••  Does association with the cluster truncate SF in Does association with the cluster truncate SF in post-starburs post-starburs galaxies?galaxies?
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Comparison of theComparison of the
frequency of Hfrequency of Hδδ in  in 
clusters and fieldclusters and field

 Assume  Assume HHδδ is an  is an 
indicator of recentindicator of recent
star formationstar formation

 CNOC data CNOC data

FIELD identical toFIELD identical to
CLUSTERSCLUSTERS

Spectroscopic investigations of cluster galaxies



33

Astronomy 580 October 2008

Balogh Balogh et al (1999)et al (1999)
corrected for scattercorrected for scatter

 Field and cluster are Field and cluster are
consistentconsistent

Spectroscopic investigations of cluster galaxies
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Short starburst

Dusty starburst?/ AGN ?

Truncated
 SF

Comparison of starburstsComparison of starbursts
and post-starburst frequencyand post-starburst frequency
between cluster and fieldbetween cluster and field

  CNOC DataCNOC Data

Diagnostic diagramDiagnostic diagram
  Balogh Balogh et al.  (1999)et al.  (1999)

Spectroscopic investigations of Butcher-Oemler galaxies
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Balogh Balogh et al (1999):et al (1999):
Analysis ofAnalysis of Dressler Dressler
(1999) raw counts(1999) raw counts

  Dressler Dressler et al find aet al find a
factor of 10 times morefactor of 10 times more
k+A galaxies in clustersk+A galaxies in clusters
compared to the fieldcompared to the field

 What is the source of What is the source of
the discrepancy?the discrepancy?

Spectroscopic investigations of cluster galaxies
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Spectroscopic investigations of cluster galaxies

1) Different set of clusters: clusters are a heterogeneous population1) Different set of clusters: clusters are a heterogeneous population

2) Different selection of the galaxies for spectroscopy2) Different selection of the galaxies for spectroscopy

3) Different treatment of errors by 3) Different treatment of errors by Balogh Balogh et al. (1999)et al. (1999)

4) CNOC galaxies sample a larger region of the cluster4) CNOC galaxies sample a larger region of the cluster
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Spectroscopic investigations of cluster galaxies

Different regionsDifferent regions
sampled by CNOC andsampled by CNOC and
Dressler Dressler et al.et al.
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Spectroscopic investigations of cluster galaxies

Fractions of galaxies ofFractions of galaxies of
different spectroscopicdifferent spectroscopic
classes as a function ofclasses as a function of
radius in clustersradius in clusters
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Spectroscopic investigations of cluster galaxies

Evolution with Evolution with redshiftsredshifts
of the fractions of eachof the fractions of each
spectroscopic classspectroscopic class

 No increase in the k+A No increase in the k+A
fraction with fraction with redshiftredshift
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Evolution of Cluster Galaxies

There exists a discrepancy between the results of There exists a discrepancy between the results of Balogh Balogh et alet al
and and Dressler Dressler et al that needs to be resolved.et al that needs to be resolved.

The The ““One UniverseOne Universe”” theorem theorem

Selection effects are almost certainly the problemSelection effects are almost certainly the problem
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Poggianti 2008

••  Fig. 11.—Morphology density
relation for EDisCS
spectroscopically confirmed cluster
members. Fraction of each
morphological type in various
density bins. In the bottom panel
the thick black histogram shows E
galaxies, the double-shaded
histogram shows S0 galaxies, and
the single-shaded histogram shows
spiral galaxies. In the top panel, the
thick solid histogram shows all
spirals, the long-dashed histogram
shows early-type spirals (Sa and
Sb), and the thin solid histogram
shows late-type spirals (Sc and later
types). Note that the highest density
bin is only populated by ellipticals.
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Spitzer: 24 micron B-O effect (Saintonge et al 2008)

8 masive clusters
0.02 < z < 0.83
Galaxies with SFR > 5 Msun/year
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Spitzer: 24 micron B-O effect (Saintonge et al 2008)

Most massive galaxiesAll galaxies
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Spitzer: 24 micron B-O effect (Saintonge et al 2008)

Butcher-Oemler effect confirmed in 24 micron data

Not only an effect among low mass galaxies

Increasing fraction of dusty starbursts with redshifts
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RCS: 1000 clusters z=0.45 to z=0.9

Loh Loh et al 2008et al 2008
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RCS: 1000 clusters z=0.45 to z=0.9

Loh, et al ApJ 680, 214, 2008
K+e corrections

The blue  galaxy population as f (spectral type)

•Observed B-O effect is consistent with a normal coeval field population



47

Astronomy 580 October 2008

RCS: 1000 clusters z=0.45 to z=0.9

••Red fraction evolves at allRed fraction evolves at all
radiiradii
•Blue galaxies may be newly
infalling?
• Starbursts are less than 5% of
the blue population
• Observed B-O effect is consistent
with a normal coeval field
population
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Star formation in clustersStar formation in clusters

••  There is no global excess of star formation in clusters relative to the fieldThere is no global excess of star formation in clusters relative to the field
•• Star formation is suppressed in cluster galaxies Star formation is suppressed in cluster galaxies
•• This is not due to the morphology-density relation This is not due to the morphology-density relation

Galaxies of all morphological types that are associated withGalaxies of all morphological types that are associated with
clusters have star formation rates that are SUPPRESSEDclusters have star formation rates that are SUPPRESSED
relative to similar galaxies in the fieldrelative to similar galaxies in the field
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Summary of evolution of cluster elliptical galaxies

••  Cluster (and field) Cluster (and field) ellipticals ellipticals evolve in luminosity in a mannerevolve in luminosity in a manner
consistent with the implied ages and with passive evolutionconsistent with the implied ages and with passive evolution
•• The homogeneity of the E/S0 populations persists to z = 0.5 and implies The homogeneity of the E/S0 populations persists to z = 0.5 and implies
a formation epoch at least a few a formation epoch at least a few Gyrs Gyrs earlier (z > 1)earlier (z > 1)
•• The color of the  The color of the ellipticals ellipticals evolves in a manner consistent with theevolves in a manner consistent with the
implied ages and with passive evolutionimplied ages and with passive evolution
••
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Observed Phenomena of Cluster GalaxiesObserved Phenomena of Cluster Galaxies

•• Morphology-Density relation Morphology-Density relation
•• Old ( Old (co-evalco-eval) ) ellipticalsellipticals
•• Butcher-Oemler  Butcher-Oemler effecteffect
•• E+A galaxies E+A galaxies
•• S0 problem S0 problem

•• CD galaxies CD galaxies
•• Suppression of  Suppression of SFRSFR
••  Disk galaxiesDisk galaxies
•• Dwarf galaxies Dwarf galaxies
•• Interactions/Mergers Interactions/Mergers

Formation of Initial GenerationFormation of Initial Generation
of Cluster Galaxiesof Cluster Galaxies

Infall Infall of Field Galaxiesof Field Galaxies

•• Morphology-Density relation Morphology-Density relation
•• Old ( Old (coco--evaleval) ) ellipticalsellipticals
•• Interactions/Mergers Interactions/Mergers

•• S0 problem S0 problem
•• Butcher- Butcher-Oemler Oemler effecteffect
•• E+A galaxies E+A galaxies
•• Suppression of  Suppression of SFRSFR
••  Interactions/MergersInteractions/Mergers

Early Processes Late Processes
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Omega from cluster Mass and field luminosity density
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Omega from cluster Mass and field luminosity density

•• M/L M/L
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Omega from cluster Mass and field luminosity density

•• Omega Omega  =0.24 +- 0.05 +- 0.09=0.24 +- 0.05 +- 0.09
••  Consistent with present-day resultsConsistent with present-day results
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Lessons

•• Field galaxy evolution needs to be folded in Field galaxy evolution needs to be folded in
••  OneOne  Universe theoremUniverse theorem
••  Selection effectsSelection effects
••  What you measure mattersWhat you measure matters


