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Dwarf Ellipticals in clusters

Jerjen

A. Moretti et al.: Galaxy Luminosity Functions in WINGS clusters

Fig. 7. Composite Luminosity Function of galaxies belonging to
the 10 clusters with highest (and lowest) X-rays luminosities in
the upper panel, and to the 10 clusters with the highest (and low-
est) velocity dispersions in the lower panel. The fits are drawn
with a continuous line for the highest X–ray luminosity (veloc-
ity dispersion) samples, and with a dashed line for the lowest
X–ray luminosity (velocity dispersion).

acteristic magnitude and a steeper slope in the bright regime,
with respect to clusters with smaller masses (see Hansen et al.
(2005) and Croton et al. (2005) for similar results derived from
local densities). The slope in the faint end part of the LF is
−2.4 ± 0.1 and −2.5 ± 0.4 in the two subsamples, respectively,
when looking at the trends with the X–ray luminosity, while it
turns out to be −2.6±0.4 and−2.1±0.3, respectively, when divid-
ing the samples according to their velocity dispersion. Therefore,
given the uncertainties, we can conclude that the two shapes
of the LF are very similar in both cases, confirming the results
found in previous sections.

5. Composite Luminosity Function

The lack of any significant relation between the single cluster
LFs and the overall cluster properties, led us to put more strin-
gent constraint on our result by constructing the so called com-
posite LF. We calculated it by summing all the clusters LF after
having normalized them in order to have the same number of
objects brighter than MV = −19. To construct the LF we follow
a modified version of the formulation given by (Colless 1989;

Fig. 8. Composite Luminosity Function of WINGS galaxies.
Superimposed are the double Schechter fits obtained having im-
posed the bright end slope α f = −1.10: red for the population
of galaxies, green for the population of galaxies and unknown.
The two insets in the lower right corner are the values of the fit.
The black lines are fits taken from the literature (see the top left
inset).

Popesso et al. 2006). The number of galaxies Nj in the final LF
in the absolute magnitude j-th bin is therefore calculated as:

Nj =
Nc,0
m2j
×

mj
∑

0

Ni, j
Ni,0

(5)

where Nc,0 is the total number of galaxies brighter thanMV =
−19, mj is the number of clusters contributing to the j-th bin,
Ni, j is the number of galaxies in the j-th bin coming from the
i-th cluster and Ni,0 is the number of galaxies in the i-th cluster
brighter than MV = −19. Here we use m2j instead of mj, as in the
original formalism by Colless (1989), in order to end up with a
LF representative of the average cluster. In fact if we suppose to
have an ideal situation ofmj=n identical clusters with Ni0=Nnorm
and Ni, j=Nj then:

Nc,0 =
n

∑

i
Ni,0 = n × Nnorm (6)

using the original formalism of Popesso et al. (2006) and
substituting equation (6) in it we can see, after simple algebra,
that Nc j=Nj × n; therefore in the original form, the LF results
in n times the single LF which is not a ”true” LF. We avoid this
by dividing the original expression by the factor mj which is the
number of clusters used in each bin. The errors on the single bin
are derived as the squared root of the sum of the single variances
divided by the number of clusters contributing to the given bin.

Fig.8 shows the derived distribution for the sample of
WINGS galaxies. In red and green are shown the two fits ob-
tained to the sample of galaxies (plus galaxies unknown) and to
the secondary sample of all objects (i.e. galaxies and unknown,
without the sources classified as stars). While in the bright part
the two fits are coincident, soon after the central plateau the
mixed distribution starts rising while the pure galaxy popula-
tion remains flatter. In particular in the bright part the LF is well
constrained, and it does not depend on the objects classification.

9

Moretti et al. 2015

Dwarf Ellipticals are heterogeneous class that 
is the most numerous in clusters 



But how did they get there? 

de Lucia et al. 2004

See also Capozzi, Collins & Stott 2010, Bildfell et al. 
2012, De Lucia et al. 2007, Gilbank & Balogh 2008, 
Huertas-Company et al. 2009, Lemaux et al. 2012, 
Rudnick et al. 2012, Fassbender et al. 2014)
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Figure 7. Left: RSLF within R200 in each of our five clusters. The open squares represent raw counts; the solid squares are the counts after all corrections (see the text).
The best-fit LF are solid black lines, with 68% confidence limits as gray dotted lines. The best-fit χ2

ν and dof is given in each frame. The 50% and 90% completeness
limits are plotted as heavy dashed and dotted lines. Right: error ellipses (65% and 95%) are plotted for α and M∗ based on the χ2 distribution. The best-fit value for
data down to the 50% and 90% detection-completeness limit are plotted as solid and open circles, respectively. Best-fit values for 10 realizations of the photometry
with

√
2 larger errors are plotted as plus symbols (see the text). The gray scale represents results from jack-knife estimates of the errors. We also plot the best-fit value

from the low-redshift cluster sample within R200.

results and those for R200 are shown in Figure 8 and listed in
Table 2.

3.1.1. Trends with Selection Radius

Substantial differences in the shape of the LF are seen at
smaller selection radii, consistent with local clusters (Lobo
et al. 1997; Popesso et al. 2006), and presumably due to

a morphology–density relation in the DGR. This effect is
illustrated in our study in Figure 8. Our clusters show a general
trend of a flatter (α ∼ −1) LF with increasing cluster radius,
albeit with significant scatter, especially for Cl1322 and Cl1604,
where our errors are largest. In the literature, Lobo et al. (1997)
find a steeper faint-end slope in the central regions of Coma as
compared to groups around the outskirts. Popesso et al. (2006)

Crawford, Bershady, & Hoessel 2009

Also see Andreon (2008), Andreon et al. (2014), 
Lidman et al. (2008), and De Propris, Phillipps & 

Bremer (2013), Cerulo et al. (2017)
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Luminous Compact Blue Galaxies
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• Original discovered by Koo & Kron in 80s as 
an observational class:  unresolved blue 
galaxies

• Rapidly evolution heterogeneous population 
of galaxies (factor of ~10 drop since z~1, 
Guzman et al. 1997)

•  Luminous (MB ~ -20), small (re ~2 kpc), and 
intense star formation rates 

Ref: Koo et al. 1994, Koo et al. 1997, Guzman et al. 1996; Phillips et al. 1997; Kobulnicky & Zaritsky 1999; Guzma ́n et al. 2003; Garland et 
al. 2004; Werk et al. 2004; Barton et al. 2006; Noeske et al. 2006; Rawat et al. 2007; Hoyos et al. 2007; Tollerud et al. 2010

HST/WFPC2/NICMOS



LCBG are like ...
Low-z

Cardamone et al.  2009 Burgarella et al.  2009

High-z

Blue 
Compact 

Dwarfs, HII 
galaxies

Lyman Break 
Galaxies

green 
peas

Int-z
<3.5 Gyrs ago Up to 3.5-9 Gyrs ago >9 Gyrs ago

Extreme 
Emission 

Line 
Galaxies

CNELGs

z < 0.3 0.3 < z < 1 z>1



LCBGs in Clusters

Handful of LCBGs in 
CL0024 seem to have 
similar properties to 
low redshift dwarf 

galaxies

Koo original proposed 
LCBGs as the 

progenitors of dE
Koo et al. 1994

Subset of the Butcher-Oemler Galaxies, but what 
are their properties and where do they go? 



Observations

Deep WIYN narrow 
band imaging combined 
with DEIMOS spectra, 
Archive HST, Spitzer, 
and VLA observations 



Identifying Cluster LCBGs

~15-35% of 
z=0.5-0.9 
cluster 

galaxies are 
LCBGs

Color key:
Red Sequence 

Galaxies
Green Valley Galaxies
Blue Cloud Galaxies
Luminous Compact 

Blue Galaxies

Crawford et al. 2011, 2014



“Shell-like” LCBG Radial Distribution

Similar to results for 
low-z SF galaxies 

e.g. Thompson 1986; Ellingson et al. 
2001;  Mahajan et al. 2010  

Crawford et al. 2011, 2014



LCBGs are falling into the cluster

Crawford et al. 2014



Young burst in dE

Rys et al. 2015

Rys et al. showed that 
the typical dE had a 

burst of star formation 
~5 Gyrs ago

Also see Michielson et al 08, Lelli et al. 
2014,  Toloba et al. 2014, Mentz et al 2016



Bursts in Illustris Simulations

8 Mistani et al.
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Figure 7. Examples of individual star formation histories for the same satellite and field dwarfs in Fig. 3. As in the case of the orbits, the SFR histories of
cluster dwarfs exhibit large variations. It is not uncommon to see “peaks” or episodes of intense star formation (for example Sat. A, B) that coincide with the
crossing of the virial radius of the cluster and/or first pericentric passages. Starburst events are not common for field dwarfs. Some cluster dwarfs show a more
constant SFR that is comparable to field objects (for example Sat. D). In each panel, we quote the “starburstiness” of the curve, �

SFR

, defined as the standard
deviation of the SFR history with respect to the time-average h�

SFR

i (cyan line). Large values of h�
SFR

i indicate the presence of starbursts. (See text for
more details.)

dwarfs in Fig. 7 and they appear to correlate well with the visual
intuition of “burstiness” in each curve2.

Fig. 8 extends the trend hinted by these 5 individual exam-
ples to all dwarfs in our samples. We show �

SFR

for cluster (red &
orange dots) and field (blue crosses) dwarfs, plotted as a function
of the local density � (where � is defined as the galaxy overden-
sity within the radius that encloses the 5th nearest neighbour, and
only galaxies with r-band magnitude brighter than �19.5 are used
to compute the density field). Not only do field and cluster dwarfs
separate cleanly in environment (as expected), they also show very
different distributions of �

SFR

. Cluster dwarfs typically have larger
�
SFR

values, indicating the presence of significant peaks or star-
burst events in their star-formation histories.

Moreover, green dots/histogram in Fig. 8 show the “analogs”
sample described in Sec. 3 (selected to have similar progenitor
masses as cluster dwarfs at time of infall). This sample is also char-
acterized by low �

SFR

values alike the field galaxies, confirming
that SFR enhancements in cluster dwarfs are purely associated to
environmental effects and is not a bias in their progenitor mass. Al-
though the trend with environment is weak above the field-cluster
threshold, dwarfs in the very inner regions of clusters show even
larger �

SFR

compared to the rest of the satellites (the orange his-
togram includes only satellite dwarfs that are today within 0.5r

200

).
Our results indicate that cluster dwarfs, particularly those in the
inner parts of clusters today, likely had a more “bursty” star for-
mation history than dwarfs in the field.

Star formation in satellite galaxies is expected to be trun-
cated sometime after infall. Because the time-scale for this to oc-
cur sheds valuable information on the mechanisms responsible for
this quenching (and how it may depend on host and satellite prop-
erties), the subject has received significant attention from the com-
munity (e.g., Wang et al. 2007; Font et al. 2008; Wetzel et al. 2013;

2 We have explicitly checked the robustness of �
SFR

by first smoothing
the curves with a Savitzky-Golay filter of width t = 0.5 � 1 Gyr. Since
all measures seem to correlate well with the unfiltered version we decided
to use the data without the smoothing, since the filtering introduces an arbi-
trary time-scale that is in principle unknown and could vary from dwarf to
dwarf.

Wheeler et al. 2014; Fillingham et al. 2015). In Fig. 9 we consider
the time elapsed between infall and “quenching”, defined as the
first time a dwarf’s SFR drops below sSFR ⇡ 10�11yr�1. This
threshold was chosen to be compatible with the definition in Wet-
zel et al. 2013, and we have additionally confirmed that it applies
to the scale of dwarfs by checking that it is always 2 dex below
the average sSFR of dwarf centrals at any given time. For cluster
dwarfs, we show the quenching time as a function of satellite mass,
where dots correspond to our simulated dwarfs that are quiescent
by z = 0 (cluster dwarfs that are still star-forming today do not
appear in this plot; they amount to ⇠ a third of the sample).

Interestingly, we find a positive trend with mass: the quench-
ing timescale increases with the stellar mass from a median of ⇠ 3
Gyr for our smallest objects to ⇠ 5.5 Gyr at M⇤ = 1010 M� (solid
dark red curve). Notice that the scatter about this mean trend is sig-
nificant, comfortably spanning the range ⇠ 1-8 Gyr after infall.
Moreover, the dispersion is not random, but appears to correlate
strongly with the mode of star formation, as quantified by �

SFR

:
dwarfs with significant “burstiness” (large �

SFR

values) prefer-
entially show shorter time-scales for quenching than objects with
a lower �

SFR

at a given stellar mass (see color-coding). Long
quenching time-scales are associated with dwarfs that passively
consume their gas while rapid quenching is often triggered by a
last burst of star formation that consumes all available fuel for the
formation of stars.

Comparing these results to observational data is not straight-
forward. Samples of groups/clusters are typically not complete
down to the masses of the dwarf galaxies studied here. On the other
hand, the properties of dwarf galaxies in this mass range are well-
studied in the Local Volume, where they are easier to observe due
to their faint luminosities, or around ⇠ L⇤ isolated primaries where
statistics are better for the hosts compared to more massive groups
and clusters. Although not ideal, we attempt to put our results in
the context of available observations in Fig. 9.

We start by comparing with the quenching time-scales in clus-
ters but for more massive galaxies than our dwarfs (where there is
observational data). For this, we extended our analysis to all satel-
lite galaxies in the 12 simulated cluster hosts in Illustris. We select
all surviving satellites at z = 0 that are within the virial radii of our

c� 0000 RAS, MNRAS 000, 000–000

Mistani et al. 2015

Dwarfs galaxies undergo a burst 
when entering the cluster



Spectroscopic Properties
– 19 –

Fig. 3.— Comparison between the size, absolute magnitude, mass, and star formation rate

for cluster and field LCBGs. LCBGs that are confirmed cluster members from our sample

are plotted as turquoise circles. LCBGs from the field (both our sample and from Guzmán

et al. (1997)) are plotted as grey circles. No significant di↵erence between the field and

cluster LCBG populations is evident.

Cluster and field LCBGs 
nearly indistinguishable in 
terms of dynamical mass, 
SFR, abundance, or size.

Typical properties:
σ~56 km/s, 
r1/2~1.8 kpc

Mdyn~5x109 M⊙

12 + log(O/H) = 8.6. 

Crawford et al. 2016



Spectroscopic Properties

NGC 205 — local dwarf Elliptical 

Crawford et al. 2016

Distribution of cluster dE 



Dynamical to Stellar Mass
8 S. M. Randriamampandry et al.

Figure 4. Comparison of best-fit BC03 stellar masses (M⇤) and
dynamical masses (Mdyn) of cluster LCBGs (teal circles) to the
field sample (grey triangles). The black dashed line indicates the
one-to-one line i.e. equal mass. Error bars correspond to average
1� errors.

slightly lower masses when compared to their field coun-
terparts (⇠ 0.36 dex) while the distribution of field LCBGs
shows a high-mass tail that is absent in the cluster sample,
albeit in a sample of limited size.

We performed a Kolmogorov-Smirnov (K-S) test to in-
vestigate the di↵erences between the distributions of the two
samples, with a corresponding PK�S of 0.11 on stellar masses
(1-D test) and PK�S of 0.6 on the dynamical masses. The
K-S test could not reject the null hypothesis that the two
stellar masses and samples distributions are drawn from the
same parent population (at 5% significance). Hence, we find
no strong evidence suggesting a significant di↵erence be-
tween the stellar and dynamical mass distributions for the
two samples (distributions are similar for the two environ-
ments, within the errors).

In Fig. 4, we plot stellar masses (derived from fitting
SED models to the photometry) versus dynamical masses
determined from the widths of emission lines for both our
cluster LCBG sample and the Guzmán et al. (2003) field
LCBG comparison sample. Stellar mass measurements can
serve as an estimator of the total baryonic mass and of-
fer a good “snapshot” of the star formation history of these
compact star-forming galaxies. In contrast, dynamical mass
estimates serve as an excellent tracer of the underlying dark
matter halo. The ratio of baryonic-to-dynamical mass de-
rived from these measurements is a key indicator of the pres-
ence of dark matter.

We find that the median Mdyn/M⇤ = 2.6 with a median
absolute deviation of 1.7 for cluster LCBGs as compared to
Mdyn/M⇤ = 4.8 with a median absolute deviation of 4.0 in the
field sample. This suggests that the field LCBG population
is more highly dominated by dark matter than the cluster

sample. The distribution of the ratios is presented in the
right-hand panel of Figure 3. While the K-S test does not
rule out the null hypothesis, a random sampling of the field
values only reproduces the median cluster value in 3.3% of
the samples.

We find that the baryonic mass exceeds the dynami-
cal mass (i.e., M⇤ > Mdyn) for several targets. In our cluster
sample, for which we have derived measurements errors, only
one galaxy has a baryonic mass greater than the dynamical
mass by more than 1� (standard error). We interpret this
as indicating existence of relatively modest systematic errors
in our mass estimates. On the other hand, galaxies strongly
dominated by dark matter will have a typical upper limit
on the ratio of stellar to dynamical mass of Mdyn/M⇤ < 3.3
(i.e., Mdyn � 3.3 M⇤) (Peralta de Arriba et al. 2014). Most of
the field sample is above this limit while only a few cluster
sources show so a high ratio. This further supports the con-
clusion of di↵erence in the dynamical to stellar mass ratios
of the two populations.

4.1.2 Specific Star Formation Rate

Figure 5 shows the specific star formation rate (sSFR, de-
fined as the star formation rate per unit mass) versus stel-
lar mass. The star formation rate is measured from the
[O ii]�3727 emission lines following (Guzmán et al. 1997;
Crawford et al. 2016). The conversion from [O ii]�3727
equivalent width, EW3727 to star formation rate is given
by:

SFR(M yr�1) = 2.5 ⇥ 10�0.4(MB�MB�)EW3727

where MB is the absolute B-band magnitude. This star for-
mation rate is a factor of 3 less than the H↵ conversion from
Kennicutt (1992). Star formation rates from other literature
sources have been converted to this scale. We note a decline
in the sSFR as the stellar mass increases for the cluster and
field LCBGs.

For comparison, we plot the star formation vs. stellar
mass relationship from Noeske et al. (2007), which covers a
similar redshift range of 0.2 < z < 0.7. We observe that at
this epoch, both the cluster and the field LCBG populations
were forming stars more vigorously than the typically galaxy
at the same stellar mass. Furthermore, the figure indicates
that the sSFR of LCBGs was decreasing more rapidly than
the galaxy main sequence with increasing stellar mass.

4.2 Trends with stellar age

We find that the ratio of stellar to dynamical mass appears
to have a significant correlation with the inferred age of the
stellar population. As seen in Figure 6, this correlation is
actually between the stellar mass and age, as one might ex-
pect. The correlation is driven by systematic increase in the
model mass-to-light ratio for older stellar populations (at
constant luminosity). The scatter about the correlation be-
tween stellar mass and age reflects the range of luminosities
in the sample. Surprisingly, the light-weighted mean stel-
lar age does not appear to correlate with the current star-
formation rate (SFR), as inferred by the [O ii] luminosity.
This implies that galaxies with older mean ages for their

MNRAS 000, 1–11 (2017)

Stellar and Dynamical Masses of Cluster LCBGs at z⇠0.54 7

Additional systematic and random e↵ects (e.g., photo-
metric errors, incompleteness in the models, and more com-
plex star formation histories) may contribute an additional
0.2 dex of uncertainty for which we have not accounted (see
Papovich et al. 2001; Bundy et al. 2005). However, since
similar errors may a↵ect the field sample such systematics
are of less significance for our relative comparison.

3.3 Caveats

A significant fraction of the objects in our sample (⇠ 40%)
failed to yield satisfactory SED fits, producing reduced �2 >
10. Although this suggests a poor match between the best-
fit models and our photometric measurements, causes may
include (a) underestimated random errors in the photom-
etry, (b) systematic errors in the photometry (background
estimation), (c) contamination from emission lines, (d) in-
completeness in the stellar libraries, and (e) poor choices for
model parameters (Z, dust extinction, and IMF).

Unfortunately, we lack �2 values for the fits that
Guzmán et al. (2003) achieved with their field LCBG sam-
ple, which serves as our primary point of comparison. Given
that our stellar mass errors appear comparable to theirs, we
decided not to reject any of our galaxies with fits that yield
large �2 values. However, to confirm data quality we visually
inspected the fits to all our targets and defined a“good”fit as
having achieved acceptable agreement in at least four filter
passbands. We retained the objects that did not meet this
criterion but indicate their stellar masses as upper limits (<)
in Table 2. Figures A1,A2,A3,A4 show all of the observed
and best-fitting model SEDs for our sample.

3.4 Comparison of Stellar Mass Measurements

Here, we present the estimated stellar masses derived from
the two SPS models. The left-hand panel of Fig. 2 compares
the stellar masses obtained from the BC03 and CN09 models
for all galaxies in our sample. The best-fit line for the de-
rived stellar masses is slightly steeper than the comparison
line of equal mass. The median stellar mass measured using
the CN09 models is ⇠ 0.2 dex higher than that measured
using the BC03 models. We conclude that the two models
give generally consistent results, echoing the similar finding
made earlier by Conroy & Gunn (2010) in comparing results
from the FSPS and GALAXEV codes for massive red galax-
ies. Both studies confirm the contention of Rettura et al.
(2006) that stellar mass estimates derived from photometry
are largely insensitive to the chosen SPS model.

The ratio of masses measured using the two di↵erent
models does correlate with the age and extinction measured
using each model as shown in the right-hand panel of Fig. 2.
The BC03 models tend to infer younger ages and smaller
masses (and hence a lower M/L ratio). For several galaxies,
the di↵erence in the adopted reddening is quite significant,
and these objects clearly form a separate track in the figure
(marked as boxes). Independent measurements of the age or
extinction for these galaxies would improve constraints on
the stellar mass.

Although the e↵ect of the chosen SPS model may be
small, it is (as demonstrated by both panels of Fig. 2) mea-
surable. Since the aim of this study is to compare properties

Figure 3. Left: Histogram of cluster (teal) and field (grey)
LCBGs dynamical masses. Center: Histogram of cluster and field
LCBGs stellar masses using best-fit BC03 values. We find no
strong evidence suggesting a significant di↵erence between the
two distributions as described in the text. Right: Histogram of
the ratio of dynamical-to-stellar mass.

of our cluster galaxies to those in the field sample of Guzmán
et al. (2003), employing the same SPS model in both cases
will eliminate a potential source of systematic error (cf. Chen
et al. 2010). We therefore adopt the BC03-derived stellar
masses in our subsequent analysis for consistency with pre-
vious studies.

4 RESULTS

4.1 Luminous Compact Blue Galaxies

4.1.1 Mass Distributions

Here, we compare the measured stellar and dynamical
masses of 16 cluster LCBGs to those of the field sample
from Guzmán et al. (2003). Recall that the field sample
we’ve adopted here includes 15 galaxies in the redshift range
0.3 < z < 0.7 to facilitate a comparison to our cluster pop-
ulation. The field sample is complete in this redshift range
to the luminosity limit of the LCBG class so that this selec-
tion, like the cluster sample, is volume limited. Hence, we
can directly compare the mass and luminosity distributions
of the cluster and field samples, modulo overall normaliza-
tion (accounting for di↵erences in total volume and space
density between samples) which is not of interest here. The
center panel in Figure 3 shows the distribution of stellar
masses for the cluster and field LCBGs. The two distri-
butions are broadly similar. The median stellar mass for
the cluster LCBGs (log(M⇤/M�) ⇡ 9.40) is similar to the
field sample (log(M⇤/M�) ⇡ 9.76). The cluster LCBGs have

MNRAS 000, 1–11 (2017)

LCBG Mdyn/M*
Cluster~ 2.6
Field    ~ 4.8

Randriamapandry et al. 2017 
https://arxiv.org/abs/1706.04534

dE Mdyn/M*
Cluster~ 2.2
Field    ~ 5.1

Penny et al. 2015

https://arxiv.org/abs/1706.04534


“Longitudinal Study”
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Figure 3. Examples of the orbits (top row) and mass evolution (bottom row) of cluster dwarfs (Satellites A-D) and a field dwarf (rightmost column). Orbits
show a wide diversity, with some dwarfs completing more than 3-4 revolutions around the cluster (example Sat. A) and others only recently arriving (Sat.
D). The time evolution of the host cluster’s virial radius r

200

are indicated with a black dashed line in each panel. The time of maximum total mass (see
green-dotted line in the bottom row) is indicated in all panels with a vertical dotted line. This time corresponds roughly to the moment they stopped being
centrals to become satellites; which can happen right before crossing the virial radius of the cluster like in Sat. A, B and D, or before, if they were accreted into
a smaller group first and then entered the cluster (like Sat. C). The mass evolution in the bottom row shows clear correlations with the orbits, with a decrease of
mass after infall as well as close pericentric passages. Tidal stripping is not strong for the stellar component (solid red), although dwarfs in tightly bound orbits
can experience significant stellar mass loss (example Sat. A). Small vertical arrows show the times at which each component (dark-matter, stars, gas) reaches
its maximum. Stars continue to build up after infall, as shown by the shift between the dotted vertical line and the red arrows. Note that for field dwarfs, which
are not exposed to stripping, the mass in all components peaks only at the present time.

pansion until they are captured by the gravitational field of a cluster
and then turn around (seen as the moment of maximum distance
from the cluster). They then begin the process of infall and settle
into their orbits around the host potential. Some dwarfs in our sam-
ple have fallen in more than 10 Gyr ago, completing several revo-
lutions around the cluster’s center by the present (e.g. Satellite A).
On the other hand, some objects have only recently been accreted
into the cluster (Satellite D), crossing the host virial radius less than
2 Gyr ago (the time evolution of the host virial radius is shown with
a dashed line). From this perspective, the sample of cluster dwarfs
is a complex group of objects whose properties are expected to be
diverse in light of the variations present in their orbital histories.

Orbits have a clear impact on the mass evolution of cluster
dwarfs, as shown in the bottom row of Fig. 3. Dwarfs initially grow
as expected (green dotted line shows the evolution of total mass) but
they later reach a maximum after which their total mass decreases
due to tidal stripping. The maximum is usually reached at the last
time the dwarfs are the central object of their FoF group. Therefore,
this time of maximum mass, shown as vertical dotted lines in each
panel, is a good indicator of the time of infall, or the time when
dwarfs stopped being central objects to become satellites. In what
follows, we will refer to the time of infall t

inf

or infall redshift z
inf

as the time when the simulated dwarfs reached their maximum total
mass t

max

.

There are two interesting points to notice from these growth

curves. Some dwarfs (e.g. Satellite C) first become a satellite of a
different system that later fall into the cluster. This pre-processing
of dwarfs is not uncommon, and is usually accompanied by a wig-
gly pattern in their orbits as they move around a different host on
the way to their final infall into the cluster (see Satellite C around
t ⇠ 5.5 Gyr). Pre-processing effects in groups have been hypoth-
esized to account for the observed properties of the Magellanic
Clouds (Besla et al. 2007, 2010, 2012), and is also expected to hap-
pen regularly in cluster dwarfs (e.g. Lisker et al. 2013). For our
sample, 65% of the objects infall first into an intermediary system,
where they spend a rather short amount of time (median of ⇠ 1.3
Gyr), before finally infalling into their host galaxy clusters where
they stay until z = 0. Second, the small difference between the
green dotted and black solid lines suggests that stripping mainly
affects the dark matter component (solid black line). The times
when the maximum total mass t

max

and maximum dark matter
mass tDM

max

are reached always track one another (see black arrows).

Baryons, instead, show a different behaviour. Stars are much
more centrally concentrated than the dark matter component, re-
sulting in a small fraction of the stellar mass being tidally stripped
(with some exceptions as in Satellite A). In our sample of 1071
cluster dwarfs, 62% retain more than 80% of their maximum stel-
lar mass and only 1% have lost more than 90% of their stars by
z = 0. For comparison, this corresponds to 2% and 18% objects
respectively for the same thresholds in the dark matter component.

c� 0000 RAS, MNRAS 000, 000–000
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Clusters Triggering LCBGs

 Density of Cluster Galaxies
Density of field galaxies

Enhancement =   

z-Enhancement of LCBGs

• Comparison between 
dE, all giant galaxies, 
and spiral galaxies

• LCBG enhancement 
most similar to dE or 
early type galaxy.  
Significantly different 
than the spiral 
distribution.

Crawford et al. 2006, 2011



Fate of LCBGs

Local 
cluster 
dE LF

30-75% of dE went through an LCBG phase between z=0.3-1

Crawford et al. 2016



Complex Star formation in LCBGs

Range of 
star 

formation 
in different 

metrics

Starbursting 
galaxies 

need better 
modeling

Crawford et al. 2016
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luminosity (q). The luminosity ratio was estimated using the com-
monly used equation of Helou et al. (1985) as follows:

q = log
(

L

3.75 × 1012 W

)
− log

(
L1.4 GHz

W Hz−1

)
, (4)

where L1.4 GHz is the rest-frame radio luminosity calculated from
equation (1) in W Hz−1. L is our IR luminosity in W. The subscript
of q indicates which IR luminosity is being used (i.e. qTIR is for
LTIR). For calculating q24, the constant used to normalize the IR
luminosity was 1.25 × 1013.

6 R ESULTS

Our primary aim is to compare the IR–radio relationship in an
intermediate-redshift cluster to nearby clusters, and to do so, we
will be comparing our results to the lower redshift measurements
of Reddy & Yun (2004). As their results are reported in L60 µm and
qFIR within L(FIR; 42–122 µm), we transform our L24 µm results
into comparable bands. We report the luminosities for all the cluster
sources in Table 1 and field sources in Table 2.

6.1 Far-IR–radio relation

The relationship between the rest-frame radio luminosity at 1.4 GHz
(L1.4 GHz) against the IR luminosity (L60 µm) is shown in Fig. 1. The
solid line indicates the formal linear least-squares fit of the clus-
ter galaxies of Reddy & Yun (2004) while the field relation from
Yun et al. (2001) is drawn using the dashed line. Most of our clus-
ter sources are consistent with these relationships. As indicated in
the dash–dotted lines in Fig. 1, our cluster galaxies IR luminos-
ity and radio luminosity lower limits are log L60 µm = 10.21 and
log L1.4 GHz = 22.6, respectively. For comparison, our lower limits

Figure 1. The 20 cm radio continuum luminosity (L1.4 GHz) against the IR
luminosity (L60 µm). Red colour indicates RS galaxies while blue colour
represents BC galaxies. RS field galaxies are plotted in cross symbols,
while BC field galaxies are drawn in plus symbols. Grey colour represents
sources with unknown photometric classification. The solid and dashed lines
indicate the formal linear least-squares fit (log L60 µm = 8.92 luminosity
cutoff) of the low-redshift cluster galaxies from Reddy & Yun (2004) and
field galaxies relation in equation 4 of Yun et al. (2001). The error bars
correspond to average 1σ errors.

Figure 2. The logarithm of the far-IR luminosity to 1.4 GHz radio contin-
uum luminosity ratio (qFIR) versus the IR luminosity (L60 µm). The nominal
value of qFIR for field galaxies (qFIR = 2.34) is plotted in the solid black hor-
izontal line. The criteria for both delineating the radio-excess (qFIR ≤ 1.64)
and IR-excess (qFIR ≥ 3.04) are shown in the dashed lines. The error bars
correspond to average 1σ errors. The solid grey line represents our sample-
limiting flux.

are higher than the low-redshift cluster galaxies (log L60 µm = 8.92,
log L1.4 GHz = 20.47) of Reddy & Yun (2004).

We split our sample into blue cloud (BC) and red sequence (RS)
galaxies following the definition in Crawford et al. (2011) for both
cluster and field samples. In all the figures, red and blue colours in-
dicate sources that have secure photometric measurements from our
imaging data, while grey colour represents sources with unknown
photometric classification. The number of sources that have secure
photometric classification is 11 of 12 cluster sources and 13 of 27
field sources. For any values given for these populations, we only
use sources with secure photometric measurements. For all other
values reported in this paper, we calculate them based on the full
cluster or field sample.

In Fig. 2, we present the far-IR luminosity (LFIR) to radio lu-
minosity (L1.4 GHz) ratio (qFIR) versus L60 µm. The solid grey line
delineates our sample-limiting magnitude. The mean qFIR for the
cluster population is qFIR = 1.80 ± 0.15 with a dispersion of 0.53,
while field galaxies have qFIR = 1.62 ± 0.09 with a dispersion of
0.45. Our cluster value is consistent with Reddy & Yun (2004) value
of qFIR = 2.07 ± 0.07 with a dispersion of 0.74. Our field value
is lower, but due to the large intrinsic dispersion, we cannot firmly
comment on its inconsistency with values found in similar works
such as Yun et al. (2001) of qFIR = 2.34 ± 0.01 with a dispersion
of 0.26. In addition to Reddy & Yun (2004) and Yun et al. (2001),
our mean qFIR values are comparable with other works (Andersen
& Owen 1995; Miller & Owen 2001; Garrett 2002; Kovács et al.
2006; Sajina et al. 2008; Murphy et al. 2009a); see Table A2 for
values from each of the surveys.

We also compare our other measurements to other works as well.
For comparison, we found mean values of q24 = 0.69 ± 0.16 with a
dispersion of 0.55 and qTIR = 2.10 ± 0.15 with a dispersion of 0.53
for cluster sources while q24 = 0.52 ± 0.09 with a dispersion of
0.46 and qTIR = 1.92 ± 0.09 with a dispersion of 0.45 for our field
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Summary

• Galaxy Clusters trigger the star burst 
phase in inflating dwarf galaxies at 
intermediate redshifts 

• Spectral properties of LCBGs are very 
similar to local, cluster dE

• Likely between 30-75% of dE experienced 
a LCBG phase in the last 7.5 Gyrs

• Further work needed to study the 
evolution in dynamical to stellar mass, 
morphology/size,  and complex star bursts



Merging Together

~10% of cluster 
LCBGs will 
merge with 
another galaxy

Distance to neighbor

velocity 
difference 

with 
neighbor

Crawford et al. 2016



Blue fraction

Butchler & Oemler 1984 Haines et al. 2009



Substructure 

Dressler-Shectman 
statistic is the classic test 

for substructure:

Calculated as the offset 
from the cluster mean 

for the 10 nearest 
neighbors



Different Scales

Green valley 
galaxies show a 

similar 
substructure as 
red sequence 
galaxies, but 

LCBGs show a 
strong peak at 
small numbers

Crawford et al. 2016



Overview

• Connecting populations

• Luminous Compact Blue 
Galaxies are triggered in 
galaxy clusters

• LCBGs have similar  
properties as dE

• Fate of LCBGs



Other Populations
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Magnitude-size
– 17 –

Fig. 2.— Magnitude-size relationship for cluster emission-line galaxies in our sample. Clus-

ter LCBGs are represented as filled turquoise circles and cluster BC galaxies as filled blue

squares. In addition, we plot the relationship for disk galaxies found by Bamford et al.

(2007) in the low-redshift field (dashed, grey line) and in intermediate clusters (solid, grey

line). Solid lines also represent the best-fit values for all of our sources (black line), LCBGs

(turquoise line), and non-LCBG galaxies (blue line).

Crawford et al. 2016



Abel 1689 (HST)

Wolf et al. 2005

Jerjen

Gomez et al. 2003


