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Abstract

As technological improvements, both software and hardware, help overcome the main sources
of error from weak gravitational lensing analysis, the method is implemented to the investigate
mass substructure of galaxy clusters and to provide consistency checking for mass distribution.
The image from a relatively new camera, Hyper Suprime-Cam (HSC), for Subaru Telescope in
Hawaii provided more detail information on background galaxies through deep imaging and was newly
released on January. We performed 2-dimensional densitometry to three low-redshift galaxy clus-
ters — Abell 85, Abell 2199 and Abell 119 — using the HSC images and produce the convergence map.
LSST pipeline was used for image reduction and measurements. Then, the output catalog was
filtered and fitted into fiatmap. The photometric redshift information was not included in this
analysis, with justifications. Hence, the result would be useful to locate mass substructure. To
determine the mass distribution, more careful and delicate approach is required. Also, this study can
be used to check if the HSC image is suitable for weak lensing analysis by consistency check
between cameras and methods. This report would introduce basic theory behind the study, then the

method used for the study and finally the results and analysis.

1 Introduction

After Albert Einstein published his re-
sult on General Relativity, Eddington ob-
served the bending of star light around the
Sun during solar eclipse. Later, scientists
observed Einstein ring and multiple image of
background galaxies around quasar. As these
phenomena are not apparent in the universe,
scientist extended this method to weak grav-
itational lensing regime. On the other hand,
in the search of cosmological constrains and
investigation of dark matter, various meth-
ods are used to measure the mass distribu-
tion of galaxy cluster in the universe, such
as X-ray, assuming hydrostatic equilibrium,
or viral velocity, assuming viral equilibrium
[1]. Since the assumptions cannot always be
justified, weak lensing analysis that free from
these assumptions can be used as a measure-
ment tool and consistence check. However,
there are several major sources of errors that
without the modern technology, weak lens-

ing result would not be accurate enough.

In this study, the images from Hyper
Suprime-Cam (HSC) for Subaru Telescope in
Hawaii are used for the analysis. The 8.2m
large primary mirror of the Subaru telescope
is good for deep imaging, as it can receive
more light with the same amount of time
than other telescopes. This would results in
a higher ability to obtain dim galaxies’ light,
and implies that the galaxies further away
from us can be observed. This would greatly
beat down the shape noise and lower the
chance for intrinsic alignment between back-
ground galaxies. At the same time, the com-
binations of both the telescope and the new
camera (HSC) provide a large field of view
(FOV) that covers 1.8 deg?, which would be
advantageous for weak lensing analysis to
reduce the mass sheet degeneracy. On the
software side, the photo reduction pipeline
for HSC images are maturer than that for
other telescopes. Hence, HSC data were cho-



sen for the analysis. Further discussion of
the three mentioned errors would be elabo-
rated in Section 2.

The studied targets and their respective
redshift is listed in the table below.

Name Redshift

Diameter

Abell 85 | 0.055061 = 0.000340 69’

Abell 2199 | 0.030151 % 0.000230 182

Abell 119 0.044200 2.0

Table 1: Galaxy clusters and their respective
redshift and diameter. [2]

The chosen galaxy clusters are close to us
so that size and magnitude cuts can roughly
filter out the foreground galaxies and hence
be suffice to estimate their mass distribution.

2 Theory

Gravitational lensing would introduce
both magnification, also known as conver-
gence k, and tangential stretching, known as
shear =, to the background galaxies. Conver-
gence can be given as
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where Y is the surface mass density and X,
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In strong lensing, the stretching might
be very obvious that an arc can be seen,
or multiple images are formed. However, in
weak lensing, the distortion of background
was not as obvious. While the magnifica-
tion and stretching of a single galaxy is dif-
ficult to be determined as the shape of the
object is not known, statistically it can be as-
sumed that the background galaxies are ran-
domly oriented and any deviation measured
in the average ellipticity of the image would
be considered the effect by lensing. This as-
sumption, no intrinsic alignment in the back-
ground galaxies, can be justified if the galax-
ies included in the analysis spread out widely

in the cosmos, that is with a wide range of
redshifts. In the weak lensing limit, that is
k << 1, the relationship between average el-
lipticity and shear is given by
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where 7, is the tangential shear and < e; > is
the average tangential ellipticity. The error
for < e; >, which is called the shape noise, is
proportional to 1/4/n, where n is the number
of galaxies considerer. There are ways to con-
nect the tangential ellipticity to the mass of
the cluster. The relation used in this study is
to relate the shear to the convergence, which
contain the mass information, by
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This would give the relative convergence be-
tween radius smaller than r; and between
ry and re. If set the reference kK — 0 for
r — oo, then by initially putting r — oo
we can induce the convergence by repeat-
ing the calculation for different radius. In
practice, we do not have the information for
r — 00, hence the reference point K — 0 at
the boundary of the image. This assump-
tion would be valid if the field of view is
large than the diameter of the galaxy clus-
ter. Otherwise, the resulting convergence
calculate would be off by a constant, which
is named as mass sheet degeneracy. How-
ever, this error is not too significant in this
study as we concern more at the location of
mass substructure, like Abell 2199 which is
larger than the field of view as seen in Table
1.

One of the sanity check applied in this
project is to calculate the average e, and ey.
Let a xy coordinate on the image, then e,
and ey can be defined as in Figure 1. Aver-
aging either e, and ey should be zero regard-
less any presence of tangential ellipticity, as
the effect should be cancelled out.



Figure 1: The ellipses representing respec-
tive combination of e, and eyx. Defining e
and ey in such a way that given an image,
there would be a consistent measurements on
using adaptive moments and can be used to
calculate the tangential ellipticity by linear
combination. Image from [1].

3 Method

For the image processing and catalog
output, the Large Synoptics Survey Tele-
scope pipeline was used. The pipeline would
first perform reduction on each image for
each filter, then mosaic the reduced the im-
age so that the stacking or coaddition of mul-
tiple images for one filter would be speeded
up. Finally, the coadded image from multi-
ple filters would be analysed and calibrated
for consistent astrometry and photometry
measurements. The commands and options
for each step of the pipeline are listed in Ap-
pendix A.

During the processing, the pipeline would
return many data products including the cal-
ibrated exposures and catalog. The final cat-
alog after the final calibration across filters
will be extracted and filtered using Fiat Fil-
ters from Fiat Tools developed by Deep Lens
Survey. The filter applied are as follow.

An example filter is as follow:

(ext_shapeHSM_HsmShapeRegauss_el) **2+(
ext_shapeHSM_HsmShapeRegauss_e2)
*%2<1.5 && deblend_nChild==0 &&
base_CircularApertureFlux_12_0_flag
==0 && base_SdssShape_xx+
base_SdssShape_yy>5.6 &&
base_SdssShape_xx+base_SdssShape_yy
<200 &&

base_PixelFlags_flag_interpolatedCenter

==0 && abs(base_PsfFlux_flux-
base_GaussianFlux_flux)>0.12 &&
base_GaussianFlux_flux>2.3 &&
base_PsfFlux_flux>0 &&

ext_shapeHSM_HsmShapeRegauss_resolution

>0.5 &&

base_GaussianFlux_fluxbase_PsfFlux_flux

>1.1275.

And there are many more options available
for filtering. For weak lensing, the selection
would mainly base on a reasonable ellipticity
measurements, that is

(ext_shapeHSM_HsmShapeRegauss_el) **2+(
ext_shapeHSM_HsmShapeRegauss_e2)
*%2<1.5,

the size of the galaxies selected so as to re-
move large and foreground galaxy or unrea-
sonably small object, that is

base_SdssShape_xx+base_SdssShape_yy>5.6
&& base_SdssShape_xx+
base_SdssShape_yy<200,

the flux to remove foreground bright stars or
galaxies and dim objects that probably have
a bad measurements on shape, that is

base_GaussianFlux_flux>2.3.

Other filtering that select the galaxies in-
stead of stars includes

abs(base_PsfFlux_flux-
base_GaussianFlux_flux)>0.12,

ext_shapeHSM_HsmShapeRegauss_resolution

>0.5,

base_GaussianFlux_fluxbase_PsfFlux_flux

>1.1275

For each automated filtering, Fiat Review
from Fiat Tools was used to check if abnor-
mal or bad selections were performed. Some
of the bad measurements cannot be removed,
example is shown as in Figure 2. Therefore,



we tried to remove the obvious bad objects,
including bright objects or ghosts, manually
through Fiat Review. Comparing the cata-
log before and after remove, the number of
object was decreased by roughly 10%, yet the
output mass map was very similar. Hence,
the significance of bad objects are low and
manual removal would be obsolete.

Figure 2: Fiat reviewing on A2199 HSC-G.

Finally, the filtered catalog from each fil-
ter was fed into Fiat Map and would be out-
putting the mass map according to equation
(3), which is the radial densitometry. The
densitometry was repeated by moving the
centre around the image, so as to produce a
2-dimensional mass map. The results would
be presented in Result and Analysis section.

4 Result and Analysis

There are five broad-band filters (g-, r-, i-, z-,
and Y-band) for the HSC camera as shown in
Figure 3 [3]. They replace the r- and i-band
filters with r2- and i2-band filters in 2016 [4].
The image data used in this study is prior to
the replacement and most of them are g-, i-
and r-band.
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Figure 3: A plot of transmission against
wavelength for respective filters.

4.1 Abell 85

Figure 4 shows the calibrated optical image
from HSC data. The output image from
the LSST pipeline was given as separated
patches due to the large size, roughly 6GB
in total. Hence, displaying the image using
ds9 would require the command line

ds9 -mosaic wcs */calexp*.fits

which means open the mosaic images and
arrange them according to the world coor-
dinate system. The colour scale of sepa-
rate patches was adjusted according to their
own max min values. Hence, a discontinu-
ous brightness across the patches would be
observed in the optical images.
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Figure 4: Zoomed optical and coadded image
of Abell 85 from HSC data.

From Figure 5, consistency of mass map
between difference filters is shown, especially
for the peaks around the centre. Note that
the peaks around the edge would more likely
to be false positive, as the average elliptic-
ity only covers a portions of galaxies around
those points.

Figure 5: Fiatmap output mass map for
Abell 85. Right is the map for I-band with
5 contour levels. Left is the map for G-
band with the contour level from the I-band
mapped according to the physical coordinate
of the image, for the sake of comparison.

The sanity check was listed in Table 2.

mean ey | mean ey
g-band | 0.0002190 | -0.007874
i-band | -0.002365 | -0.008811

Table 2: Mean e, and ey in different filters
for Abell 85

Both catalog for each filter has the av-
erage under the tolerance. They were, then
used to compare with optical data.

In Figure 6 and 7, the contours were
mapped onto the optical image. For Rl
region, it can be seen that there are two
galaxies overlapping the same region, while
in R2 and R3 there are no apparent galaxies
the both regions. So the mass substructure
might be due to dark matter or dim galaxies
in the cluster.

In Figure 8, the results from lensing sig-
nal was compared with the X-ray signal. By
comparing the purple regions and R2 and R4
regions, no strong coherence is manifested,
with the orientation of mass distribution mir-
rored between the two method. More careful
treatments of the lensing signal is needed be-
fore any conclusion and assertion. Besides,
consistency of lensing signal from different
cameras should also be checked.
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Figure 6: Right is the zoomed map for i-band with 5 contour levels in blue. Left is the optical
image from LSST pipeline with the contour level from the i-band mapped onto for comparison.
R;1, R;2 and R;3 region are marked on both images.

Figure 7: Right is the zoomed map for g-band with 5 contour levels in blue. Left is the optical
image from LSST pipeline with the contour level from the g-band mapped onto for comparison.
Ral, Rg2 and Rg3 region are marked on both images.



Figure 8: The image in the middle is the image of Abell 85 from Chandra. [3] The purple
regions are the X-ray image and it was superimposed onto the optical image. It is now used to
compare with the lensing signal in this figure. The green lines are mapping the same objects
according to the optical image. The lensing map on the right and the contours are from I-band.

4.2 Abell 2199

This cluster should suffer the most from
mass sheet degeneracy as the diameter is
about twice the diameter of FOV. However,
this cluster is worth analysis as there are
mass map from another camera being pro-
cessed at the same time.

The mosaic optical image is shown in Fig-
ure 9.
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Figure 9: Optical and coadded image of
Abell 2199 from HSC data.

The sanity check was listed in the follow-
ing table.

mean e mean ey
g-band | —2.1201 x 10~ | 0.0005236
i-band 0.001747 -0.002572
r-band 0.01204 0.009981

Table 3: Mean e, and ey in different filters
for Abell 2199

In Figure 10, the image shows the map
for different filters. Coherence between fil-
ters are observed again around the central
region. The three small peaks near the cen-
ter matches with each other. Usually, the fil-
ter with lower passband can image the dim-
mer galaxies as the longer wavelength of light
transmit better through obstacles. However,
the map from the g-band filter image, which
is with shortest wavelength, has the highest
resolution. It is due to the number of ex-
posure being stacked together. 19 shots was
coadded together for g-band, 10 shots for i-
band and 4 shots for r-bands. The number
of shots coadded was reflected by the reso-
lution of map produce, which dimmer and
dimmer galaxies are able to be measured and
accounted for the shearing effect. This might
also account for the increasing mean e, and
ew, the higher the number of shots coad-
ded, the more galaxies included, the lower



the shape noise and the closer the average
ellipticity to be zero.

Figure 11 shows a map of Abell 2199 from
another telescope, Canada-France-Hawaii
Telescope (CFHT). Due to the difference in
scales and resolution, the mapping of contour
line is more charllenging. Yet, a consistent
pattern, triangular-shape mass distribution,
can be observed at the center for both cam-
eras. The map from HSC shows more details
than the one from CFHT. The possible rea-
sons are the aperture of telescopes and res-
olution of pixels. The camera for CFHT is
MegaCam and the respective specifications
are listed below.

HSC of | MegaCam
Subaru | of CFHT
Telescope
Aperature
of Telescope | 8.2 meter | 3.6 meter
Pixel Scale 0.185” 0.17”
No. of CCD
(2k x 4k) 104 36
FOV deg sq. ~ 1.77 ~ 0.9
Median seeing 0.6” 0.77

Table 4: Comparison between HSC of Sub-
aru Telescope and MegaCam of CFHT [5, 6,
7, 8]
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Figure 10: Fiatmap output mass map for
Abell 2199. The top left-hand map is the
map for g-band with 5 contour levels. The
top right-hand map is the map for i-band and
the bottom map is the map for r-band. The
contour level from g-band is mapped onto the
other two map.

Figure 11: Left is the mass map of Abell
2199 from Canada-France-Hawaii Telescope
i-band analysed image data. Right is the
map from HSC g-band without contour level.

In Figure 12, the map of HSC g-band,
the one with higher resolution among other
filters, was selected to compare with the
stacked optical image. Again, no apparent
galaxies or mass sources overlap with the
peaks in the mass map. Since there is consis-
tency between filters and, more importantly,
between cameras, so the peaks in the maps



would less likely be false positive. There- careful treatments, image with larger FOV
fore, this galaxy cluster, Abell 2199, worth a would be needed to avoid mass sheet degen-
deeper investigation into analysing the mass eracy for this galaxy cluster.

distribution. However, as mentioned, for
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Figure 12: Right is the zoomed map for g-band with 5 contour levels in blue. Left is the optical
image from LSST pipeline with the contour level from the g-band mapped onto for comparison.
R1, R2, R3 and R4 region are marked on both images.

4.3 Abell 119 Once again, consistency between filters

can be seen.
The mosaic image and the mass maps

are shown below in Figure 13 and 15.
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Figure 14: Fiatmap output mass map for

Abell 119. Left is the map for g-band with

9 contour levels. Right is the map for i-band

with the contour level from g-band mapped
- onto for comparison.
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Figure 13: Zoomed optical and coadded im-
age of Abell 119 from HSC data. The sanity check was listed in Table 5.



mean eq | mean ex pare with the optical image.

g-band | -0.008979 | -0.006700 From Figure 15, in R1, there are two
i-band | -0.003523 | -0.01288 bright and probably foreground galaxies in
the middle. With redshift information, the
mass measurement for individual galaxy can
be compared with the mass calculated using
weak lensing methods, thus be able to locate

Table 5: Mean e, and ey in different filters
for Abell 85

The ey for i-band is slight higher than and measure dark matters. Hence, more fo-
the tolerance. For the g-band, 10 exposures cus can be put in R1. R4 also have some
were used for the coadd while only 5 for i- small objects overlapped with the mass map
band. More sanity checking is needed to con- peak. However, without a redshift informa-
firm which case would be the cause for bad tion, we cannot certified them as foreground
results. Since the i-band catalog exceed the galaxies. For other regions, no obvious hy-
tolerance level, it would not be used to com- pothesis can be drawn.

-0.021 -0.016 -0.011 -0.0059 -0.00088 0.0041 0.009 0.014 0.019

Figure 15: Right is the zoomed map for g-band with 9 contour levels in blue. Left is the optical
image from LSST pipeline with the contour level from the g-band mapped onto for comparison.
R1, R2, R3 and R4 region are marked on both images.

5 Conclusion such as the Gaussian distributions and quan-
titative B-mode measurements, should be in-

This study roughly shows that the resolution cluded in the following studies.

of mass map from the HSC images are rela-

tively higher. The consistency might indi-
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