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Explanations for this size growth
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Environment

5
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HCG 7

Satellite galaxies are 
moving at high 
speeds. 

Mergers are rare.

Galaxies are moving 
more slowly. 

Mergers are likely.
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Previous results for quiescent galaxies
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Be cautious of trends in this plot: all the works compiled here 
make measurements differently, at different M* and make 

different assumptions. The error bars also mean different things 
(see Table A1 of Matharu+2019)
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The Gemini Cluster Astrophysics Spectroscopic 
Survey (GCLASS)

7

Gemini-North

Mauna Kea, Hawaii

Gemini-South

Cerro Pachón, Chile

Spectroscopic survey of 10 rich, IR-selected clusters at 
0.86 < z < 1.34. 

~ 500 cluster members altogether. 

Now has 38 orbits worth of HST WFC3 grism follow-up.

Muzzin et al., (2012); van der Burg et al., (2013) and Muzzin (2016)
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Grism spectroscopy increased our sample size
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How the GCLASS HST data will reduce 
inconsistencies…

9

Largest sample of star-forming and quiescent cluster galaxies at z ~ 1 to date. 

 HST observations, data reduction and analysis done in the same way as our field sample 
from the 3D-HST/CANDELS survey. 

High spatial resolution of HST imaging allows for reliable measurements.
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The cluster and field stellar mass-size relations 
at z ~ 1 
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The cluster and field stellar mass-size relations 
at z ~ 1 
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Quiescent cluster galaxies are ~20% smaller than 
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What does this mean for the evolution of the 
stellar mass-size relation?
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Cébrian+14

Poggianti+13

Weinmann+09

Yoon+17

Maltby+10

Kuchner+17

Morishita+17

Huertas-Company+13a

Kelkar+15

Cooper+12

Matharu+19

Sweet+17

Delaye+14

Rettura+10

Raichoor+12

Saracco+17

Chan+18

Lani+13

Bassett+13

Papovich+12

Newman+14

Strazzullo+13

Andreon+18

Allen+15

Matharu et al., (2019)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
z

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

L
o
g

(R
e
f

f
/

k
p
c)

Infall from
field

Lack of minor mergers
freezes size growth

field quiescent size evolution

cluster quiescent galaxies

Note: I am suggesting the opposite “trend” to what the literature compilation is suggesting — cluster sizes need to 
increase to catch up with the field (if we are to believe the low redshift results).

Be cautious of trends in this plot — the points 
aren’t related 
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Lack of minor mergers = build-up of compact 
quiescent cluster galaxies
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What are the physical processes reconciling the 
cluster & field mass-size relations?

Matharu et al., (2019)

Using a toy model we show that the low-redshift 
field & cluster quiescent mass-size relations can 
be reconciled if ~40% of compact quiescent 
cluster galaxies merge with the BCG and the 
remaining ~60% are tidally destroyed into the 
ICL. 

This is in agreement with the observed stellar 
mass growth of BCGs between 0 < z < 1 and 
the ICL stellar mass fraction at z ~ 0. 

However, we must consider that between z ~ 1 
and z ~ 0, larger galaxies from the field will fall 
into the cluster.
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What about recently quenched galaxies?

15

4000 5000 6000 7000
� / Å
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Absence of [O II] emission, 1.0 < D(4000) < 1.45

Lack of ongoing star formation. 
Contain young stellar populations (A-stars, < 1 Gyr old).

These are the same PSBs 
from Muzzin et al., (2014) 
Rhea-Silvia Remus spoke 

about yesterday
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The mass-size relation of recently quenched 
cluster galaxies

16
Matharu et al., (2020)
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about yesterday
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How did these galaxies quench?
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High resolution imaging of stellar light 
Mostly symmetrical, undisturbed morphologies

Mass-size relation & Morphology 
PSB mass-size relation lies midway between 
SF and Q relations. 
Mean Sersic index is intermediary, closer to Q 
population (rapid change in light profile). 
Toy modeling suggests only “outside-in” fading 
can reproduce the PSB mass-size relation.

Matharu et al., (2020)

These are the same PSBs 
from Muzzin et al., (2014) 
Rhea-Silvia Remus spoke 

about yesterday
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Directly observing environmental quenching at  
z ~ 1: Space-based grism spectroscopy

18
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Matharu et al., (2019)

HST WFC3 image HST WFC3 grism spectra
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custom pipeline. HST data are typically reduced by drizzling,
but the observing strategy of 3D-HST allows images to be
interlaced instead. With this dither pattern, four images are
taken with pointing offsets that are multiples of half pixels. The
pixels from these four uncorrected frames are then placed on an
output grid with 0 06 pixels (van Dokkum et al. 2000).
Interlacing improves the preservation of spatial information,
effectively improving the spatial resolution of the images.
Crucially, interlacing also eliminates the correlated noise
caused by drizzling. This correlated noise is problematic for
analysis of spectroscopic data because it can masquerade as
spectral features.

Although the background levels in NIR images taken from
space are lower than in those taken from Earth, they are still
significant. The modeling of the background in the grism data
is complicated because it is composed of many faint higher-
order spectra. It is done using a linear combination of three
physical eigen-backgrounds: zodiacal light, metastable He
emission (Brammer et al. 2014), and scattered light from the
Earth limb (G. B. Brammer et al. 2016, in preparation).
Residual background structure in the wavelength direction of
the frames is fit and subtracted along the image columns. (For
more information see Brammer et al. 2012b, 2014; Momcheva
et al. 2016). The 2D spectra are extracted from the interlaced
G141 frames around a spectral trace based on a geometrical
mapping from the location of their F140W direct image
positions. A sample 2D spectrum and a pictorial depiction of
the remainder of this subsection is shown in Figure 2.

The advantage of slitless spectroscopy is also its greatest
challenge: flux from neighboring objects with overlapping
traces can contaminate the spectrum of an object with flux that

does not belong to it. We forward-model contamination with a
flat spectrum based on the direct image positions and
morphologies of contaminating objects. A second iteration is
done to improve the models of bright (H< 22) sources using
their extracted spectra. An example of this contamination
model is shown in the second panel of Figure 2 (see Brammer
et al. 2012a, 2012b, 2013; Momcheva et al. 2016). To remove
contamination from the spectra, we subtract these models for
all galaxies in the vicinity of the object of interest. Furthermore,
for the present analysis, all regions predicted to have
contamination thatis greater than one-third of the average
G141 background value were masked. This aggressive masking
strategy was used to reduce the uncertainty in the interpretation
of the Hα maps at large radii where uncertainties in the
contamination model could introduce systematics.
The continuum of a galaxy is modeled by convolving the

best-fit SED without emission lines with its combined
J H HF W F W F W125 140 160 image. The continuum model for our
example galaxy is shown in the third panel of Figure 2. This
continuum model is subtracted from the 2D grism spectrum,
removing the continuum emission and simultaneously correct-
ing the emission-line maps for stellar absorption. What remains
for galaxies with 0.7< z< 1.5 is a map of their Hα emission.
Five sample Hα maps and their corresponding HF140W images
are shown in Figure 3. Crucially, the Hα and stellar continuum
images were taken with the same camera under the same
conditions. This means that differences in their spatial
distributions are intrinsic, not due to differences in the point-
spread function (PSF). The spatial resolution is ∼1 kpc for both
the HF140W stellar continuum and Hα emission line maps.
The final postage stamps we use in this analysis are 80×80

pixels. An HST pixel is 0 06, so this corresponds to 4.8×4 8
or 38×38 kpc at z∼1. Many of these postage stamps have a
small residual positive background (smaller than the noise). To
correct for this background, we compute the median of all
unmasked pixels in the 2 kpc edges of each stamp and subtract
it. This means that we can reliably trace the surface brightness
out to a maximum of 17 kpc. Beyond this point, the surface
brightness is definitionally zero.

3.3. Stacking

To measure the average spatial distribution of Hα during this
epoch from z= 1.5 to0.7, we create mean Hα images by
stacking the Hα maps of individual galaxies with similar M*
and/or SFR (See Sections 4 and 5). Many studies first use Hα
images of individual galaxies to measure the spatial distribution
of star formation andthen describe average trends in this
distribution as a function of M* or SFR (e.g., Förster Schreiber
et al. 2006, 2009; Epinat et al. 2009, 2012; Genzel et al. 2011,
2014b; Contini et al. 2012; Nelson et al. 2012; Wuyts et al.
2013). Instead, we first create average Hα images by stacking
galaxies as a function ofM* and SFR and then measure the
spatial distribution of star formation to describe trends. This
stacking strategy leverages the strengths of our data: Hα maps
taken under uniform observing conditions for a large and
objectively defined sample of galaxies. From a practical
standpoint, the methodology has the advantage that we do
not need data with very high signal-to-noise ratio (S/N). As a
consequence, we can explore relatively uncharted regions of
parameter space. In particular, we can measure the radial
distribution of star formation in galaxies across a vast expanse
of the SFR–M* plane down to low masses and SFRs.

Figure 2. Illustration of the creation of Hα emission line maps from HST
WFC3 grism data. The top panel shows the 2D, interlaced grism spectrum. The
second panel shows a model for the “contamination”: the spectra of all objects
in the field except the object of interest. The third panel is a 2D model for the
continuum emission of the galaxy. The bottom panel is the original spectrum
with the contaminating emission from other obejcts, as well asthe stellar
continuum, subtracted. The result is a 2D map of the line emission at the spatial
resolution of HST (see Section 3.2 for details).
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Spatially resolved star formation as a function 
of environment at high redshift
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Conclusions

21

Grism-derived redshifts have a precision of 2000 kms-1, a factor 4 improvement over photometric redshifts. 
Added 182 new cluster members to the sample. 

Quiescent cluster galaxies are smaller than their field counterparts at fixed stellar mass and redshift. 
The magnitude of this offset is consistent with the sizes of quiescent field galaxies at 1.2 < z < 1.5. 
The cluster environment has inhibited size growth via minor mergers between this period and z ~ 1. 

The low redshift field and cluster quiescent mass-size relations can be reconciled if compact cluster galaxies are destroyed 
by either becoming part of the BCG or ICL. 

Recently quenched galaxies also contribute to size growth in the quiescent population with decreasing redshift. 

Preliminary evidence of possible outside-in quenching signature seen in Log(M*/M⦿) < 10.3 star-forming cluster 
galaxies at z ~ 1:  

Stellar mass dependence to environmental quenching efficiency (e.g. Kawinwanichakij+2018, Papovich+2018, 
Old+2020)? 

Dust inflating Hα size measurements at high stellar mass (e.g. Nelson+2016)? 
Change in the dominant environmental quenching mechanism with stellar mass e.g. radially-independent 

“Overconsumption” (McGee+2014)? 
Environmental quenching efficiency higher for higher stellar mass galaxies in clusters (e.g. van der Burg+2020) — 

difficult to detect an outside-in quenching signal in high mass star-forming cluster galaxies?



Contact me

Website: jkmatharu.github.io 

Email: jmatharu@tamu.edu

@DrJMatharu

http://jkmatharu.github.io
mailto:jmatharu@tamu.edu
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Grism spectroscopy increased our sample size
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Since the most compact quiescent cluster galaxies 
can’t grow, they must be destroyed
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Merge with the BCG Tidally disrupted into the ICL
(BCG: brightest cluster galaxy - 
sits at the centre of the cluster)

(ICL: intra-cluster light - stars bound to the 
cluster but not part of a galaxy)

CONSTRAINTS CONSTRAINTS

BCGs double their stellar mass between           
0 < z < 1.

At low redshifts, ICL stellar mass is 6 - 23% of 
total stellar mass within R500.

Lidman et al., (2012, 2013); Lin et al., (2013) and Bellstedt 
et al., (2016)

Presotto et al., (2014); Montes & Trujillo (2014) and 
Giallongo et al., (2014)
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Toy model assumptions

25
Matharu et al., (2019)
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Toy model

26

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Lo
g

(R
e
f

f
/k

p
c)

0%

No mergers with BCGs

20% 30%

10.0 10.5 11.0 11.5 12.0 12.5
Log (Mass / M�)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Lo
g

(R
e
f

f
/k

p
c)

40%
10.0 10.5 11.0 11.5 12.0 12.5

Log (Mass / M�)

50%
10.0 10.5 11.0 11.5 12.0 12.5

Log (Mass / M�)

100%

All compact galaxies
merge with BCGs

Size α (Stellar mass)2

Matharu et al., (2019)



Jasleen Matharu | The cluster vs. field stellar mass-size relation at z ~ 1

The effect of differing filters on galaxy size 
measurements
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Galaxies are ~13% smaller in F160W vs. F140W. 

If we used the same filter as for the field, our size 
offset would actually increase, bringing the result 
more in favour with the minor mergers hypothesis 
of size growth.
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Size agreement with van der Wel et al., (2012)
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Our size measurements are 0.28 % smaller for the 
same set of galaxies in F160W.

Matharu et al., (2019)



Jasleen Matharu | The cluster vs. field stellar mass-size relation at z ~ 1

Modeling disc-fading across the mass-size 
plane
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We use the relation between D(4000) and the F140W 
stellar mass-to-light-ratio for the best-fit star formation 
history model to GCLASS (Muzzin+2012) to determine 
the relative brightness of our starting and faded galaxy 
models. 

We use the average D(4000) of similar galaxies in our 
cluster sample.

Matharu et al., (2020)
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Uniform fading of the disc
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Outside-in fading of a disc-dominated galaxy
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Central regions faded to PSB level. Outskirts faded based on 
observations of outside-in fading in NGC 4330 from 
Fossati+2018.  

In between, fading levels are found by linearly-interpolating.
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Outside-in fading of the disc 
(combination of previous two models)
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Central pixel is not faded.  We first check what the total brightness of the disc is when it is uniformly faded. 
We check how much the disc needs to fade at the “boundary” of outside-in fading as determined by observations of NGC 

4330 in Fossati+2018. 
We then adjust the slope of our linearly  interpolated  fading  accordingly. 
Leads to steep fading gradients, rapid contraction of size. But surpasses the PSB relation — outside-in fading has the 

potential to explain the PSB mass-size relation with further exploration of fading gradients.
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Morphology as a function of environment 
across the mass-size plane at z ~ 1
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Larger population of quiescent intermediate-type galaxies in clusters 
compared to the field.  

Subsequently thought to be responsible for the larger population of 
bulge-likes galaxies in clusters compared to the field — there is a 
direct morphological consequence of environmental quenching.

Matharu et al., (2019)


