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Einstein’s notebook c. 1912.
from Collected Papers of Albert Einstein, v 3.
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Zwicky had a difficult 
personality.

He referred to colleagues at 
CalTech as “spherical 
bastards” ….



ZWICKY AND DARK MATTER

222 F. Zwicky

This implies for the total potential energy Ω:

Ω = −3
5
Γ

M2

R
(6)

Γ = Gravitational constant

or
εp = Ω/M ∼ −64 × 1012 cm2s−2 (7)

and then
εk = v2/2 ∼ −εp/2 = 32 × 1012 cm2s−2

(
v2

)1/2
= 80 km/s. (8)

In order to obtain the observed value of an average Doppler effect of 1000
km/s or more, the average density in the Coma system would have to be at
least 400 times larger than that derived on the grounds of observations of
luminous matter.8 If this would be confirmed we would get the surprising
result that dark matter is present in much greater amount than luminous
matter.

2. One could also assume that the Coma system is not in stationary
equilibrium, but that all available energy has the form of kinetic energy.
Then we would have

εk = −εp, (9)

This assumption thus allows to get rid of a factor of only 2 compared to 1.,
and the necessity of an enormously large density of dark matter stays the
same.

3. Let the average density in the Coma cluster be wholly determined by
the presence of luminous matter (mass M above). Then the large velocities
cannot be determined by considerations of type 1. or 2. If the observed
velocities are indeed real ones, the Coma system should disperse in the course
of time. The result of this expansion would be 800 individual nebulae (field
nebulae), which, as follows from 2., would have eigenvelocities of the original
order of magnitude (1000 to 2000 km/sec). From analogies it is to be expected
that field nebulae with such large eigenvelocities would be observable also in
the state of development the world is in today. This conclusion however

8In order of magnitude this would agree with the view of Einstein and de Sitter discussed
in §4.

123

Zwicky 1933, “The redshift of 
extragalactic nebulae”, translated 
from German (“Dunkle Materie”)
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What the Observer seesWhat the Theorist sees



1.3 Galaxy Formation 7
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Milky Way Dark Matter Halo

Milky Way
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Volker Springel

1 Billion Light Years

Bolshoi Cosmological 
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NASA Ames Research Center
Anatoly Klypin & Joel Primack   

    8.6x109 particles   1 kpc resolution

Thursday, April 30, 15

Figure 1.3 The stellar disk of a large spiral galaxy like the Milky Way is
about 100,000 light years across, which is tiny compared with the dark
matter halo of such a galaxy (from the Aquarius dark matter simulation
Springel et al., 2008), and even much smaller compared with the large-scale
cosmic web (from the Bolshoi simulation Klypin et al., 2011).

fluctuations have grown su�ciently that they are about twice as dense as
typical regions their size, they stop expanding while the surrounding universe
keeps expanding around them. The result is that regions that collapse earlier
are denser than those that collapse later; thus galaxy dark matter halos are
denser than cluster halos. The visible galaxies form because the ordinary

Simulated
dark

matter

Observed
light



GALAXIES AND DARK MATTER HALOS

What is the relationship between dark matter halos 
and their stellar content?

How do the dark and stellar components co-evolve?

Observations probe galaxy’s 
stars at different epochs

 Theory predicts how 
dark matter halos 

evolve 
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WEAK GRAVITATIONAL LENSING
• Gravitational lensing from 
a circularly symmetric lens 
leads to tangential 
distortion

• Background galaxies are 
randomly oriented but not 
circular
• S/N per foreground lens 
galaxy ≪1
• Need to stack many 
thousands of lens galaxies

�t(r) = �⌃(r)/⌃cr

= [⌃(< r)� ⌃(r)]/⌃cr



CFHTLENS PROJECT

•154 sq. deg. of deep multi-band imaging on CFHT, ~ 0.7” PSF, i<24.7
•Stack thousands to hundreds of thousands 
of lens galaxies, split into bins of:
•stellar mass (109-1011.5 solar)
•colour (red / blue)
•(photo-) redshift (0.3 - 0.5 - 0.7)

•Fit tangential shear with model: 
•stellar mass
•NFW halo density profile
•nearby clustered haloes
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2.5M Blue 
Galaxies

CFHTLENS GALAXY-GALAXY

z=
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z=
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More massive ->
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TOWARDS A MORE PHYSICAL MODEL:

• Empirical star formation rates from the literature
• “Quenching” at a given halo mass
• N-body DM accretion rates
• (No mergers)
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Gilbank et al 11 star formation model
with halo accretion

quenching with mass downsizing

MH, CFHTLenS et al. ‘15

Other studies 
suggest there is 

0.2 dex 
galaxy-to-galaxy
scatter in this 
relationship
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• Why does star formation balance halo accretion in such a way 
as to move galaxies along the SHMR?
• Suggests a feedback process

• Quenching occurs at a constant halo mass of ~2x1012 solar
• What process quenches galaxies?

• What is the source of the 0.2 dex scatter? Is stellar mass the 
only important parameter in galaxy formation? 
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DOES SIZE MATTER?
• Split stellar mass bins by 

size, measure halo mass 
from WL at fixed M*

• Mhalo(M*) ∝ [Re(M*)]η

• From weak lensing on 
average, η > 0

• Especially high for red 
galaxies with M* ~ 2x1011 
(i.e. LRGs: dominant 
galaxies in rich groups) Charlton, MH, Balogh & Khatri 2017 

Toy 
model 

based on 
minor 

mergers



SIZE MATTERS:
EVEN IN SIMULATIONS

Charlton, MH, Balogh & Khatri 2017 Much of the effect from (stripped) satellites?
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DARK MATTER FILAMENTS
• Few Individual Detections For Massive Clusters

• Dietrich et al. 2012; Jauzac et al. 2012; Higuchi et al. 2015
• Massive Clusters           
• Detections at >~3σ
• But filaments are close to the virial radii of their host clusters:

• Elongation of clusters?

• Clampitt, Miyatake, Jain & Takada, 2016
• Stacked LRG pairs in SDSS
• Claimed 10σ Detection
• Mass? Structure?

W
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k 
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> 1014M⊙



FINDING FILAMENTS
• Look between 

physically associated 
groups and clusters

• Luminous Red 
Galaxies(LRGs) live at 
the centre of rich 
groups

LRGLRG
(z=0.161448)

LRG
(z=0.056)



OBSERVATIONAL DATA

                       23,000 
Pairs of Luminous Red 

Galaxies (LRGs)

CFHT: Erben et al., 2013; 
Hildebrandt et al., 2012; Miller et 

al., 2013; Heymans et al., 
2012,2013

SDSS: Eisenstein et al., 2011; 
Dawson et al., 2012 
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RESCALE
• 23000 pairs of LRGs were 

selected between projected 
separation:



SHIFT AND STACK
• 23000 pairs of LRGs were 

selected between projected 
separation:

Rotate, rescale shift and stack background galaxies
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Kaiser & Squires 
`93 to get  
convergence 
(surface mass 
density) from 
shears
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ISOLATING THE FILAMENT

• Compare signal from projected (non-physical 
pairs) of LRGs

• Get Empirical Estimates of Filament Mass



NON-PHYSICAL PAIRS
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Epps and Hudson 17



CUMULATIVE MASS ENCLOSED

Typical 
overdensity ~ 
5

Epps and Hudson 17



COMPARISON TO MODEL
• Stacking Inherently 

Statistical
• Model Filament 

with 3-Point 
Correlation 
Function (3PCF) 
(following 
Clampitt et al., 
2016) 
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• Mapping large-scale structure (in 3D) 

and cross-correlations 

CFHTLenS: mapping the large-scale structure 3383

increases for larger smoothing windows, and that the overall cor-
relation level always remains below 50 per cent. The relatively low
cross-correlation coefficient for small smoothing scales is due to
the fact that the noise level in the reconstructed lensing mass maps
is high, and for small smoothing windows, many of the peaks and
structures we see in mass maps are the result of noise, which is
consistent with the description given in Section 3.3. However, the
predicted maps κgal, based on real galaxies that have been detected
by CFHTLenS, have a lower noise level than the lensing maps. The
sources of noise in the predicted maps are likely dominated by in-
trinsic stochastic biasing between dark matter and baryons and the
undetected galaxies in the survey. For this reason, we adopt the pre-
dicted maps as the reference from which the peaks will be detected
and then compared to the lensing maps. Using the lensing maps as
the reference is formally equivalent, but we found that the level of
noise in the comparison is reduced when the predicted maps are
used instead.

Next, we want to compare the 2D spatial distribution of peaks
between the maps. The peak distribution is a powerful tool that
helps visually identify the large-scale structures. We will see that
this comparison reveals the existence of large underdensities (voids)
that cannot be identified with a statistical analysis using moments.
Given that for a fixed smoothing scale, the noise in lensing maps is
higher than the noise the predicted maps, we decided to detect peaks
in the predicted map using the 1.8 arcmin smoothing scale and com-
pare it to the lensing map using the smoothing scale of 8.9 arcmin.
A peak location is defined as a pixel where all surrounding pixels
have a lower amplitude. Fig. 8 shows the location of κgal peaks
for W1 (shown as white circles) superimposed on the reconstructed
lensing map shown as the continuous coloured background. Con-
tours are shown for the lensing reconstruction map at 1σ , 2σ , 3σ

and 4σ levels, which is a common way of indicating the signifi-
cance of structures in lensing maps. On average, the distribution of
κgal peaks matches the lensing mass overdensities. A quantitative

Figure 8. Mass maps for the W1 field. The continuous map with contours shows the mass reconstructed from gravitational lensing. The contours indicate the
1σ , 2σ , 3σ and 4σ on this map, where σ is the rms of the convergence. The open circles indicate the position of peaks in the predicted mass map, constructed
from galaxies as described in Section 4.3. The circle size is proportional to the peak height. The field of view is approximately 9 × 8 deg2.
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1σ , 2σ , 3σ and 4σ on this map, where σ is the rms of the convergence. The open circles indicate the position of peaks in the predicted mass map, constructed
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increases for larger smoothing windows, and that the overall cor-
relation level always remains below 50 per cent. The relatively low
cross-correlation coefficient for small smoothing scales is due to
the fact that the noise level in the reconstructed lensing mass maps
is high, and for small smoothing windows, many of the peaks and
structures we see in mass maps are the result of noise, which is
consistent with the description given in Section 3.3. However, the
predicted maps κgal, based on real galaxies that have been detected
by CFHTLenS, have a lower noise level than the lensing maps. The
sources of noise in the predicted maps are likely dominated by in-
trinsic stochastic biasing between dark matter and baryons and the
undetected galaxies in the survey. For this reason, we adopt the pre-
dicted maps as the reference from which the peaks will be detected
and then compared to the lensing maps. Using the lensing maps as
the reference is formally equivalent, but we found that the level of
noise in the comparison is reduced when the predicted maps are
used instead.

Next, we want to compare the 2D spatial distribution of peaks
between the maps. The peak distribution is a powerful tool that
helps visually identify the large-scale structures. We will see that
this comparison reveals the existence of large underdensities (voids)
that cannot be identified with a statistical analysis using moments.
Given that for a fixed smoothing scale, the noise in lensing maps is
higher than the noise the predicted maps, we decided to detect peaks
in the predicted map using the 1.8 arcmin smoothing scale and com-
pare it to the lensing map using the smoothing scale of 8.9 arcmin.
A peak location is defined as a pixel where all surrounding pixels
have a lower amplitude. Fig. 8 shows the location of κgal peaks
for W1 (shown as white circles) superimposed on the reconstructed
lensing map shown as the continuous coloured background. Con-
tours are shown for the lensing reconstruction map at 1σ , 2σ , 3σ

and 4σ levels, which is a common way of indicating the signifi-
cance of structures in lensing maps. On average, the distribution of
κgal peaks matches the lensing mass overdensities. A quantitative

Figure 8. Mass maps for the W1 field. The continuous map with contours shows the mass reconstructed from gravitational lensing. The contours indicate the
1σ , 2σ , 3σ and 4σ on this map, where σ is the rms of the convergence. The open circles indicate the position of peaks in the predicted mass map, constructed
from galaxies as described in Section 4.3. The circle size is proportional to the peak height. The field of view is approximately 9 × 8 deg2.
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Given that for a fixed smoothing scale, the noise in lensing maps is
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pare it to the lensing map using the smoothing scale of 8.9 arcmin.
A peak location is defined as a pixel where all surrounding pixels
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for W1 (shown as white circles) superimposed on the reconstructed
lensing map shown as the continuous coloured background. Con-
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Figure 8. Mass maps for the W1 field. The continuous map with contours shows the mass reconstructed from gravitational lensing. The contours indicate the
1σ , 2σ , 3σ and 4σ on this map, where σ is the rms of the convergence. The open circles indicate the position of peaks in the predicted mass map, constructed
from galaxies as described in Section 4.3. The circle size is proportional to the peak height. The field of view is approximately 9 × 8 deg2.
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SUMMARY
• There is a non-linear relation between stellar mass and DM-halo mass, that evolves 

with redshift: 

• New insights into feedback and quenching

• There is a (secondary) dependence of halo mass on galaxy size: 

• Mostly (but not only) due to tidal stripping of satellites, according to simulations

• Measurement of DM-dominated filaments between LRGs

Weak lensing provides a powerful way to map dark matter over a range of scales


