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Meeting is being recorded and will be posted 
publicly

Feel free to put questions in the chat – they 
may be answered directly there or we can 
return to them during the discussion session
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Scientific Motivation
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Why study Galaxy clusters?

• Rich environments with many galaxies at the 
same distance.  

• Nearly all baryons directly observable
• Cosmologically sensitive
• Examples of extreme environments and rare 

processes
• Mass and baryon accretion history 

reasonably well understood from theory

Abell 1689:  X-ray: NASA/CXC/MIT/E.-H Peng et al.; Optical: NASA/STScI

http://gogreensurvey.ca/



Insights into galaxy evolution

http://gogreensurvey.ca/

Lookback time (Gyr) Star formation in the Universe has 
been declining for the past 10 billion 
years – must ultimately be related to 
the baryon cycle

0            5         8        10                 12             13

Behroozi et al. (2010)

Adapted from Man+Belli 2018



Quenching: galaxies eventually stop forming stars, 
and the number of dead galaxies builds up

Adapted from Muzzin+2013, based on ULTRAVISTA photometry of the COSMOS field

Star forming Dead – not star forming

log  Stellar Mass log  Stellar Mass

2.5 < z < 3

0.2 < z < 0.5
1 < z < 1.5

time
stellar mass
growth

http://gogreensurvey.ca/

Much of this quenching is 
likely related to various 
feedback processes that 
disrupt the gas flow
• Strongly mass dependent
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Observations
Isolated galaxies
Galaxies in clusters

Stellar mass
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But galaxies that are satellites of a more 
massive host halo are more likely to be 
quenched.    i.e. SFR history also depends on 
the large scale environment.

A satellite galaxy loses its source of fresh gas 
from cosmological accretion.   Many of the 
other complex physical processes (e.g. SFR, 
feedback) are likely unaffected

Adapted from Hirschmann+2014



Adapted from Hirschmann+2014, Guo+2011 SAM+Millenium theoretical models

Galaxies in clusters are more likely to be quenched

Slide courtesy of Kristi Webb

No shortage of ideas:
• Ram pressure stripping
• Merging/harassment
• Tidal stripping

…but theoretical models consistently overpredict the 
number of quenched satellites

Fr
ac

tio
n 

of
 q

ui
es

ce
nt

 g
al

ax
ie

s

Redshift evolution can be an important 
discriminator because the properties of the 
infalling population are very different 



Survey Strategy and Design
GOGREEN and GCLASS

but mostly GOGREEN

http://gogreensurvey.ca/



Some spectroscopic cluster surveys at z>0.2

Survey Year Redshift Number 
of clusters

Number of 
redshifts

Reference

CNOC 1996 0.2-0.5 16 2600 Yee et al. (1996)

EDisCs 2008 0.4-1.0 26 ~2500 Milvang-Jensen et al. (2008)

IMACS 2013 0.2-0.5 5 6000 Oemler et al. (2013)

VLT-CLASH 2014 0.2-0.6 13 30,000 Rosati et al. (2014)

SPT-GMOS 2016 0.3-0.8 >60 2200 Bayliss et al. (2016)

XXL 2018 <0.6 164 2500 Guglielmo et al. (2018)

GCLASS 2012 0.8-1.3 10 1250 Muzzin et al. (2012)

MaDCoWS 2019 0.7-1.5 38 ~1000 (?) Gonzalez et al. (2018)

GOGREEN 2020 1-1.5 21 1500 Balogh et al. (2020)
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Providing a wide baseline in key parameters:
• Redshift
• Halo mass
• Stellar mass

Gemini GMOS spectroscopy of 26 clusters
GOGREEN and GCLASS

http://gogreensurvey.ca/



GOGREEN:  a 530h Gemini LLP

TOTAL 2257 705

GOGREEN Spectroscopy
• 3-year 438h Gemini LP started in 2014.  

Extended to 530h over 10 semesters on both 
telescopes

• Red-sensitive detectors allow us to extend 
sample to z=1.5

• 99% of original allocation executed
• Last data taken July 2019

http://gogreensurvey.ca/

Image credit: Gemini/NSF/AURA



16

Deep multiwavelength imaging ~40 proposals, to 8 telescopes, over 4 years
14-band coverage for most clusters, including 
IRAC and HST F160W

HST F160W



Cluster member Non-member

Wide wavelength range of photometry

Rest-frame optical spectroscopy



[OII]

Hδ

[MgII]

Hβ/[ΟΙΙΙ]

GOGREEN + GCLASS = ~2800 redshifts

http://gogreensurvey.ca/



Webb et al. (2020, submitted)

Spectroscopy covers key spectral features



First results
1. Luminosity functions for six clusters (Chan et al. 2019, ApJ, 880, 119)
2. Stellar mass functions in clusters (van der Burg et al. 2020 A&A, 638, 112)
3. SFR-mass relation and its dependence on environment (Old et al. 2020 MNRAS, 493, 

5987)
4. Ages of the quiescent galaxy population (Webb et al. 2020, submitted)

Kristi Webb

Remco van der Burg

Lyndsay Old

Jeffrey Chan

In Preparation
- The role of halo mass in environmental quenching at z=1 (Andrew Reeves et al.)
- The morphology of quenched cluster galaxies in GOGREEN (Jeffrey Chan et al.)
- Transition galaxies in GOGREEN (Karen McNab et al.)
- Dynamics and mass profiles of clusters at 0.8<z<1.5 (Andrea Biviano et al.)



High fraction of quenched galaxies

z=0

van der Burg et al. (2020)

v Environmental quenching is even more 
effective at z=1 than at z=0

v Depends on stellar mass – unlike at z=0
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See also Muzzin et al. (2012); Balogh et al. (2016)

More on this at 10:40 EDT!



Stellar mass functions

Low density

High density

Local universe

GOGREEN: 9 Gyr ago

Baldry et al. (2006)Chan et al. (2019)
van der Burg et al. (2020)

Stellar mass function of dead galaxies in clusters 
is identical to that in the field; in stark contrast 
from what is observed locaslly

• Clusters
X   Field

More on this at 10:40 EDT!



Quiescent galaxy ages

Webb et al. (2020, submitted)

The median age of cluster quiescent galaxies is only 0.3 Gyr older 
than that of  field quiescent galaxies

More on this at 11:20 EDT!



Star formation rates

The SFR of galaxies in the clusters are at 
most slightly lower than those in the 
field.  Similar to what is seen at low 
redshift

Old et al. (2020)

More on this at 11:00 EDT!



z>1 clusters have a substantial 
population of dead galaxies, 
but their origin is very 
different from those that 
dominate at z<1.

z=1.3 z=0

http://gogreensurvey.ca/



gogreensurvey.ca for more information

Full GOGREEN and GCLASS data released Aug 11, 2020:
http://gogreensurvey.ca/data-releases/data-
packages/gogreen-and-gclass-first-data-release/

Survey Description:  Balogh et al. (2017)
Data Release: Balogh et al. (2020, submitted)

http://gogreensurvey.ca/

More on this at 13:10 EDT!
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More to come today and 
tomorrow including some work 
in progress



END



Runts, rejects and extras



Galaxy formation and evolution is driven by 
star formation Observations show that the 

distribution of star forming 
galaxies doesn’t evolve as 
expected

Naively expect that galaxies keep getting 
bigger and bigger, and there will be more 
galaxies over time

Slide courtesy of Kristi Webb



Observations show that the 
distribution of star forming galaxies 

doesn’t evolve like this!

Adapted from Muzzin+2013, based on ULTRAVISTA photometry of the COSMOS field

Galaxy formation and evolution is driven by 
star formation

Slide courtesy of Kristi Webb



Star forming galaxies Non-Star forming 
(quiescent) galaxies

Galaxies stop forming stars (quench). 
There are more of these quenched galaxies 
at higher stellar masses and at later times.

Adapted from Muzzin+2013, based on ULTRAVISTA photometry of the COSMOS field Slide courtesy of Kristi Webb



Adapted from Hirschmann+2014

Galaxies in clusters are more likely to be quenched

Slide courtesy of Kristi Webb
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Adapted from Man+Belli 2018

Insight into galaxy evolution:  What causes quenching?

Since at least redshift 𝑧 ≈ 2, the 
population of galaxies without significant 
star formation has been building up.

The physical process or processes 
responsible for this “quenching” of star 
formation are not well understood.



Quenching: driven by feedback

AGN feedback

log  Stellar Mass

Supernova feedback

log
Number of 

galaxies



Isolated Galaxies

Star formation rates are determined by a variety of processes 
occurring over a wide range of time and spatial scales. 

http://gogreensurvey.ca/

Outflows

Outflows

Cosmological 

inflow

Complex Physics

Central galaxy

Cluster Galaxies
A satellite galaxy loses its source of fresh gas from cosmological 
accretion.   Many of the other complex physical processes (e.g. 
SFR, feedback) are likely unaffected

Cosmological 

inflow

Complex 
Physics

Satellite galaxy



Data Quality and Completeness

http://gogreensurvey.ca/



Selection

Targets selected based 
on z-[3.6] colour.  
Excellent at excluding 
foreground galaxies

Balogh et al. (2017, 2020)



Redshifts
Faint galaxies z’>23.5 
observed on multiple masks 
to build up exposure time

Photo-z selection

Balogh et al. (2020)


