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The Star-formation Mass Sequence out to z = 2.5 5

Fig. 4.— A cartoon (left) and observed (right) view of how star-forming galaxies populate the log(SFR)-log(M⋆) plane, with 54% of all
galaxies residing on the “normal” star formation sequence, showing increasing amounts of dust (higher LIR/LUV ratios) and lower sSFRs
(shallower slope) towards higher stellar mass. 7% of galaxies have blue colors and high LIR/LUV ratios, falling in the upper envelope (grey).
11% of galaxies have low LIR/LUV ratios and red colors, populating the lower envelope (also grey).

sequence, with a significantly shallower slope of ∼ 0.6.
We note that some models predict slopes that are too
steep compared to the observations (e.g., Bouché et al.
2010; Dutton et al. 2010); it is possible that discrep-
ancies between the inferred SFRs may be alleviated if
the stellar IMF is systematically weighted toward more
high-mass star formation in rapidly star-forming galaxies
(Narayanan & Davé 2012).
The observed scatter of the “normal” star formation

sequence is 0.25 dex, which includes contributions from
both random and systematic errors. We estimate the av-
erage random scatter by perturbing the 24µm photome-
try and photometric redshifts within the 1σ error bars for
100 realizations, finding a small contribution of ∼ 0.05
dex. Additionally, about 0.08 dex scatter is introduced
because the average SFR evolves within the redshift bin.
Finally, uncertainties in the conversion from 24µm flux to
LIR introduce ∼ 0.15 dex scatter (Marcillac et al. 2006),
although we note that this value is quite uncertain (e.g.,
Wuyts et al. 2011a). In total, we estimate that random
and systematic errors introduce 0.18 dex scatter to the
star formation sequence, from which we estimate the in-
trinsic scatter to be 0.17 dex . Semi-analytic models pre-
dict an even smaller scatter (0.12±0.1 dex). However, the
model scatter may be underestimated due to a simplified
treatment of the halo mass accretion history. Cosmolog-
ical hydrodynamical simulations by Dekel et al. (2009)
find a scatter of up to 0.3 dex in the gas accretion rates
on to galaxies in 1012 M⊙ haloes at z = 2.5. If this scatter
translates linearly into scatter in the SFRs, this may rec-
oncile the differences between the models and observed
scatter.
To bolster the cartoon view presented in Figure 4, we

additionally consider the composite SEDs of normal star-
forming galaxies in bins of stellar mass. Due to the in-
creasing levels of dust attenuation, we see a clear evo-
lution of the composite SEDs in Figure 5. On average,
the most massive star-forming galaxies have characteris-
tically dusty spectral shapes, with a 2175Å dust feature
evident, whereas lower stellar mass galaxies have decreas-
ing amounts of dust obscuration. We note that we see

similar trends at higher and lower redshifts, but are un-
able to make robust statements due to incompleteness.
We speculate that the small fraction of dusty, blue

galaxies are mainly starbursts, as very few appear to
be associated with X-ray sources. Remarkably, we see
that the spectral shapes of these galaxies are all very
similar, irrespective of stellar mass (upper right panel in
Figure 5). This suggests that the same physical process
is dominating the stellar light, possibly a merger driven
starburst.
While 28% of galaxies with log(M⋆) > 10 have already

quenched their star formation at 1 < z < 1.5, we find
that 11% may be in the process of shutting down star for-
mation. These galaxies have red colors and low LIR/LUV
ratios, occupying the lower envelope of the star forma-
tion sequence. We compare the composite SEDs of these
red, low-dust star-forming galaxies to that of quiescent
galaxies at the same stellar mass and redshift (solid lines
in bottom right panel of Figure 5). These galaxies have
similar rest-frame V –J colors to quiescent galaxies, but
somewhat bluer rest-frame U–V colors, consistent with
the idea that they are in the process of shutting down star
formation and may soon migrate to the red sequence.
By studying four distinct populations of galaxies se-

lected from the NMBS, we have demonstrated that quan-
tifying the observed properties of the star formation se-
quence and how the sequence evolves with time requires
a thorough understanding of the selection techniques and
biases. A consequence of the strong dependence of dust
attenuation on stellar mass is that measurements of the
star formation sequence will depend critically on the sam-
ple selection. The gradual evolution we measure of the
slope of the star formation sequence toward shallower
values at high-z is driven by the combination of the cur-
vature of the “normal” star formation sequence and the
evolution of the mass-completeness limits with redshift.
An in-depth analysis of the physical properties of these
galaxies and comparisons between the observations and
models will help constrain the physical mechanism driv-
ing this potential curvature and the outliers from the star
formation sequence.

Whitaker+15 

Main 
Sequence 
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Quenching the star formation in 
galaxies: 

Moving from the Main Sequence 
to below 
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Rejuvenated galaxies 

Environment and self-regulation in galaxy formation 11

Figure 9. Specific star formation rate as function of look-back time for early-type galaxies of various masses as indicated by the labels. The grey hatched curves
indicate the range of possible variation in the formation time-scales that are allowed within the intrinsic scatter of the α/Fe ratios derived. No dependence on
environmental density is found. The upper x-axis connects time and redshift adopting Ωm = 0.24, ΩΛ = 0.76, andH0 = 73 km/s/Mpc. Note that these star
formation histories are meant to sketch the typical formation history averaged over the entire galaxy population (at a given mass). Real star formation histories
of individual objects are expected to be more bursty and irregular. Intermediate- and low-mass galaxies in low-density environments get rejuvenated via minor
star formation events below redshift z ∼ 0.2 (see Section 3.8). This suggests a phase transition from a self-regulated formation phase without environmental
dependence to a rejuvenation phase, in which the environment plays a decisive role possibly through galaxy mergers and interactions.

indeed be occurring in early-type galaxies also at recent epochs.
Moreover, AGN outflows at high redshift provide observational ev-
idence for AGN feedback at early epochs in the evolution of galax-
ies (e.g. Nesvadba et al. 2008). The most recent renditions of semi-
analytic, hierarchical galaxy formation models include a prescrip-
tion of AGN feedback (De Lucia et al. 2006; Croton et al. 2006;
Bower et al. 2006; Monaco et al. 2007; Cattaneo et al. 2005, 2006;
Dekel & Birnboim 2006; Cattaneo et al. 2007; Cavaliere & Menci
2007). De Lucia et al. (2006) show that the simulations now pro-
duce star formation histories that are much closer to the obser-
vational constraint presented in T05 (and Fig. 9 of the present
work) than previous generations of semi-analytic models. The ob-
served α/Fe enhancement of early-type galaxies and in particu-
lar its correlation with galaxy mass (Fig. 3) needs yet to be recon-
ciled with hierarchical models of galaxy formation (Thomas 1999;
Nagashima et al. 2005; Pipino et al. 2009). In Pipino et al. (2009)
it is shown that the predicted α/Fe-mass relationship is still flat-
ter and has considerably more scatter than the observations even in
models with AGN feedback. This conclusion is confirmed by the
recent study of Arrigoni et al. (2009), who show that the α/Fe-σ
relation can only be produced if a top-heavy initial mass function
and a lower fraction of binaries that explode as Type Ia supernovae
are adopted.

4.3 Phase transitions in the local universe

A fundamental difference with respect to previous results is the lack
of a dependence on environment. Fig. 10 in T05 presenting the for-
mation epochs shows a significant delay in the formation of mas-
sive galaxies in the field. As discussed in T05, this suggested that
massive galaxies in low densities form later but on the same time-
scales as their counterparts in clusters (see Fig. 10 in T05) as the
direct consequence of early-type galaxies in denser environments
having higher ages but the same α/Fe ratios. This implied that star
formation must have essentially been on hold for the first 3 Gyr
in massive objects in low densities. The new (and statistically more
robust) results presented here suggest a different picture. In the new
version of the star formation history plot (see Fig. 9) the main for-
mation epochs of early-type galaxies as a function of galaxy mass
are independent of the environmental density.

However, some early-type galaxies are rejuvenated, i.e. they
must have harboured minor star formation events at recent epochs
within the past few Gyrs (see Section 3). Such recent star forma-
tion activity that we call ’rejuvenation’ occurs on top of the star for-
mation histories shown in Fig. 9. The fraction of this rejuvenated
galaxy population increases both with decreasing galaxy mass and
with decreasing environmental density (see Fig. 8). This implies
that the impact of environment increases with decreasing galaxy
mass (Tasca et al. 2009). The dependence on environment suggests
that galaxy interactions and merger activity might have been the
major triggers of early-type galaxy rejuvenation in the past few

Thomas+09 
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Need to focus on galaxies in transition!! 



Star formation activity in Early-type galaxies 

Davis+12, ATLAS3D 
collaboration 
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Star formation activity in Early-type galaxies 

Davis+12, ATLAS3D 
collaboration 

What is the effect of the environment on the 
star-formation activity of ETGs? 
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F24/FK 

g-
r 

Typical spectra 
of a MIEG; 
numerous 
emission lines 

Typical spectra of 
an ETG (non 
MIEG), no 
emission lines, 
few absorption 
lines 

Hα Hβ 

Hα 

Spiral 
galaxies 

ETGs 

Riguccini+15 

MIEGs 

MIEGs:  
•  star formation as high as in late-types 
•  optical colors much bluer than normal galaxies 
•  Hα emission line : confirmed star formation activity 

Nature of the MIEGs 
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MIEGs 

3 optically blue galaxies with F24/FK ratio similar to the bulk of ETGs in Coma 

Blue ETGs in Coma 
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HI distribution of NGC 4694 region from 
Chung+09 

dwarf galaxy 

NGC 4694 
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Riguccini+15b 

Coma MIEGs 
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5”

Bravo-Alfaro+01 

350 H. Bravo–Alfaro et al.: VLA HI imaging and continuum in Coma. II.
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Fig. 3a. Hi density distribution of Mrk 057, superposed on a
DSS B-band gray scale image. The contours are 0.6 (2.5 σ), 2.3,
3.4, 4.6, 5.7, 6.8 and 8.0× 1020 cm−2. The FWHM is indicated
by the circle, 30.7′′ × 27.2′′ .
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Fig. 3b. Intensity weighted mean velocity field of Mrk 057.
The optical center of the galaxy is indicated with a cross. The
numbers indicate heliocentric velocity in km s−1. The FWHM
is indicated by the circle, 30.7′′ × 27.2′′ .

CO peak is detected in the NW, roughly coincident with
the Hi and radio continuum emission. Lavezzi et al. (1999)
reported a normal MH2 content (2.56 × 109 M⊙), which
gives a very low fraction of neutral to molecular gas ratio:
MHI/MH2 ∼ 0.17 (NGC4848 is Hi deficient by a factor of
around 10).
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Fig. 4. Hi density distribution of NGC 4848, superposed on a
DSS B-band gray scale image. The contours are 0.3 (2.5 σ),
1.0, 1.7, and 2.3 × 1020 cm−2. The FWHM is indicated by the
circle, 30.5′′ × 27.5′′.

Mergers do not account for the Hi morphology or the
star formation activity in NGC4848, because no obvi-
ous companion is seen in the DSS optical image (Fig. 4).
However, the more detailed B-band CCD imaging by
Gavazzi et al. (1990) shows a ring-like structure and blue
bright zones in the NW, where the Hi and the secondary
peaks of CO, Hα and 20 cm radio continuum are found.
The hypothesis of a dwarf system crossing the NGC 4848
disk is explored by Vollmer et al. (2001a) but further ob-
servations, both optical and higher resolution Hi imaging,
are needed to confirm it. N–body simulations by the same
authors suggest that NGC4848 has already gone through
the cluster core, 4×108 yr ago, and is now moving away
from the cluster. They conclude that re-accretion of some
of the stripped gas could explain the star formation burst.

Mrk58
This Sb, blue disk galaxy is projected onto the X–ray

emission, some 20′ (∼400 kpc) SW of NGC4874, in the
zone lying between the main cluster and the SW group.
It is gas deficient by a factor of 3. Its Hi map (Fig. 5)
displays a considerably asymmetry, with the gas swept
from the NE. The Hi is observed at an offset posi-
tion of ∼12′′ (4 kpc) SW from the optical disk. The ob-
served Hi distribution could be explained if we consider
the supersonic velocity of Mrk 58 relative to the clus-
ter, 1575 km s−1 (the sound speed in Coma is estimated
around 1460 kms−1 by Stevens et al. 1999); under these
conditions the interaction with the ICM may produce
ram pressure stripping to enhance the density behind the
galaxy (Stevens et al. 1999).

HI detections 
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Bravo-Alfaro+01 

✔ 

✔ 

✔ 

✔ 

GMRT observations carried 
out last July-August 

Data reduction on the way… 

Stay tuned!  

HI detections 
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D.M.Neumannetal.:ThedynamicalstateoftheComacluster7

Fig.2.TheimageisthesameasinFig.1onlywithdifferentimagevaluecutsandalinearlook-up-table(lut)insteadofa
logarithmiclut.Thecontoursarethesignificancesoftheresidualsabovemainrelaxedclusterandbackgroundemission
(seealsotext).Thelowestcontourandthestepwidthbetweentwocontoursareeach5σ.Colourscale:darkblueregions
correspondtoacountrateof0.0192cts/sec/arcmin2andwhiteregionstocountrates≥0.32cts/sec/arcmin2.

Onefinalpointconcerningtheresults:thehardness
ratioimageshowstwo“hotspots”totheSouth.Thesig-
nificanceofthesetwopointsisverylowsincetheylieboth
inpointingno.4,whichhasanexceptionallylowexposure
time(seeTab.1).Itisthusquitelikelythatthesefeatures
arestatisticalartefacts.

5.Discussion

5.1.InfallofasubstructurelocatedbetweenComa
centerandNGC4839

InFigure3,thereisanobvious,largeresidualtotheWest
oftheclustercentre.Theregionlyingbetweenthisstruc-
tureandtheComacentreshowsatemperatureincreaseto
temperaturesequaltoorabove10keV.Thissuggeststhat
itisheatedviacompressionorviashockwaves,whichwere
createdduringtheinfallofthissub-structureontothe
Comacentre.Thecreationofshockwavesisobservedin

Neumann+03 
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Riguccini+15 

Background image: ROSAT X-ray image 

ETGs 

MIEGs 

Distribution of the MIEGs among the Coma cluster 
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Riguccini+15 

Background image: ROSAT X-ray image 

ETGs 

MIEGs 

Distribution of the MIEGs among the Coma cluster 

Galaxies at different stages of their 
evolutionary history : 

- MIEGs = ETGs with signs of 
strong star formation (hypothesis of 
cluster merging triggering the star 
formation) 

- « Blue sources » = ETGs with 
blue optical colors but no remaining 
of current star formation (post-
MIEG candidates where the recent 
star formation would have been 
quenched due to ram pressure 
stripping) 

Laurie Riguccini  --  GGC2017 20 



•  Work lead by Douglas Brambila                    
(Valongo) 

•  Need to adapt the MIEGs criterion from Riguccini
+15 to a all sky survey 

•  Need to revise the way to select ETGs 

•  Solutions: 
–  WISE all-sky survey: L22/L3.4 instead of L24/LK  
–  Morphological parameters: frac-dev> 0.8 and 

concentration > 2.6 

Search for MIEGs-type sources in other clusters 
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•  The already known 
MIEGs from 
Riguccini+15 are 
not selected as 
ETG by the new 
ETG selection but 
they lie in the 
« non-ETG » part 
of the diagram 

•  6 new MIEG-type 
source have been 
found 
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Safety check of the new criterion on Coma 

Riguccini, Brambila & 
Lopes, in prep. 
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Mstelar vs sSFR: Coma Cluster With Salim Data

Log(Mstellar)   [Msun]

Lo
g(

sS
FR

)

8.0 8.3 8.6 8.9 9.2 9.5 9.8 10.1 10.4 10.7 11.0

−1
3

−1
2

−1
1

−1
0

−9

etg
n−etg
miegs from Riguccini+15
possible miegs

5

2
1

3

6

4 c10

c2

c1

c4

c3

c5
c9

c8
Mstar and 
SFR from 
Salim+16 



Laurie Riguccini  --  GGC2017 24 

Mstelar vs sSFR: dr12 + salim
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- What is the bias introduced by the WISE selection? 
- Can we select more MIEGs-type sources using a sSFR- Mstar relation? 



Laurie Riguccini  --  GGC2017 25 

What’s next? 

Searching for MIEGs in other clusters!  
We are looking for clusters candidates!! 

•  Using the « social clusters » of                        
Ana Carolina Costa Lourenço: sample of 
clusters in interactions 

   Check her talk on Wednesday 10.30!! 

•  S-PLUS survey: on-going analysis on the 
Hydracluster and Stripe82 



astronomical facility in Chile (Cerro Pachón), dedicated to mapping the observable 
Universe in 8 narrow-band filters and 5 broad-band (Sloan-like, ugriz) filters in the 
optical region 

Covering 8,000 sq degrees 
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http://www.splus.iag.usp.br/ 

Check 
"  Alberto Molino’s talk on Tuesday at 4.40pm 
"  Laura María Sampedro Hernández’s poster (#11) 



Laurie Riguccini  --  GGC2017 27 



Conclusions 

•  We isolate extreme lenticulars (MIEGs) in the Coma and the 
Virgo clusters: sample of transition galaxies with peculiar 
properties (enhanced star formation, privileged location in 
interacting substructure in Coma, trace of ram-pressure 
stripping or interaction looking at their HI distribution) 

•  Interest in expanding the search for MIEGs to other clusters: 
we want large numbers of galaxies in transition (use of WISE 
bands and SDSS morphological parameters to be more 
generic) 

#   great candidates for an S-PLUS project in the South. Already 
working on the Hydracluster and Stripe 82 to search for those 
transition objects 
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NGC 
4344  

NGC 
4526  

NGC 
4694  

Typical 
ETG in 
Virgo 
(as a 
reference) 

Virgo 
MIEGs 
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