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Abstract

A Chandra X-Ray Follow-Up to the Dark Energy Survey Year 3 redMaPPer Catalog

by

Lena Eiger

Observations of galaxy clusters can provide constraints on the dark energy equation of state,

since the cluster mass function is dependent on the amount of dark energy in the universe.

While cluster mass is not observable directly, it can be related to various observables such

as richness, which is similar to the number density of galaxies. We find the scaling relations

between the richness observable in optical and two lower-scatter X-ray observables, X-ray

luminosity (LX) and temperature (TX). We find scaling relations and intrinsic scatter

distributions for richness from the Dark Energy Survey Year 3 Data Release (DES Y3)

redMaPPer cluster catalog with corresponding X-ray temperatures and luminosities from

archival Chandra images using the MATCha pipeline as introduced in Hollowood et al.

(2018). We investigate offsets between X-ray and optical cluster centers in DES Y3 in

order to correct for cluster mis-centering. In addition, we detail upgrades to the MATCha

pipeline for increasing the depth of interpretable X-ray data and future core-cropped cluster

analysis.
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1

Introduction

Dark energy is currently conceptualized as a fluid with negative pressure which

accelerates the universe’s expansion. While the nature of dark energy remains a mystery,

there are multiple techniques for constraining its equation of state. The discovery that the

universe is expanding at an accelerating rate used Type 1a supernovae as standard candles

(Riess et al., 1998; Perlmutter et al., 1999); however, observations of galaxy clusters can also

be used to constrain cosmological parameters and provide evidence for accelerated cosmic

expansion. Because galaxy clusters are the largest gravitationally bound structures in the

universe, their abundance can tell us a lot about dark energy. For example, if dark energy

had been dominant at early times, galaxy cluster formation would have had to begin earlier

to explain their current density. Therefore, observations of the number density of galaxy

clusters across redshift as a function of mass (known as the “mass function”) can offer

insight into how much dark energy was present in the universe through time (Vikhlinin

et al., 2009).

The number density of galaxy clusters is a function of each cluster’s total mass,
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so in order to use galaxy clusters to constrain cosmological parameters, one must find the

cluster mass. Galaxy clusters are made up of three main components: galaxies, dark matter,

and gas. Gas (and, indirectly, dark matter) can be observed using X-ray observations,

whereas galaxies can be observed in optical surveys. Given the difficulty of measuring the

mass of a galaxy cluster directly, other observable quantities which are correlated with

cluster mass have to be used as “mass proxies.” For example, the number of galaxies

in a cluster and the brightness of the gas emission in X-ray are both observables that

correlate with mass. Each mass-observable relation has an intrinsic scatter, and so it’s

imperative to quantify this scatter. In this thesis, I detail methods to better constrain the

richness observable, a measure of galaxy content as defined in Rozo et al. 2009, and its

intrinsic scatter distribution, as well as methods for correcting the mis-centering of galaxy

clusters in order to better constrain cosmological parameters. This project investigates

observable-mass relations from both optical and X-ray data; in particular, those concerning

the observables cluster richness (λ) as well as X-ray luminosity (LX) and temperature

(TX). Most cosmological studies of galaxy clusters employ a method called “stacked weak

lensing” (described in Section 2.1) to deduce mean observable-mass relations; however,

these studies do not give an “intrinsic scatter,” or error estimate, on scaling relations.

In addition, observable-mass relations from stacked weak lensing analyses are particularly

susceptible to errors from miscalculated centers (Melchior et al., 2017), and therefore it is

necessary to study multiple observables so as to deduce intrinsic scatter for observables and

to correct miscalculated cluster centers.

In order to better understand the intrinsic scatter of the richness observable λ

and calibrate galaxy cluster centers, Hollowood et al. (2018) introduced the Mass Analysis
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Tool for Chandra (MATCha). MATCha uses archival Chandra telescope exposures to find

the corresponding X-ray luminosities and temperatures of redMaPPer clusters in catalogs

such as the Sloan Digital Sky Survey Data Release 8 (SDSS DR8) redMaPPer catalog.

Using temperature-richness and luminosity-richness scaling relations, we deduce intrinsic

scatter distributions between richness λ and MATCha’s output X-ray temperatures and

luminosities. In addition, MATCha’s output X-ray peaks and centroids allow us to correct

for mis-centering in redMaPPer cluster catalogs, which has been performed on the SDSS

DR8 and the Dark Energy Survey Year 1 (DES Y1) redMaPPer catalogs (Hollowood et al.,

2018; Zhang et al., 2019).

This thesis details notable upgrades to the MATCha pipeline, as well as analysis

of the Dark Energy Survey Year 3 (DES Y3) Data Release. Firstly, we upgrade MATCha’s

fitting algorithm such that it’s possible to find an LX value when no TX can be calculated

from available data. Luminosities found using this algorithm do not deviate from lumi-

nosity values fit alongside a known TX . Secondly, we integrate X-ray peak finding into

the MATCha pipeline, and introduce centering on the X-ray peak of galaxy clusters. This

allows us to avoid problems with clusters whose centroid is offset from their cluster cores.

In the future, it will allow core cropped analysis of clusters as in Vikhlinin et al. (2006).

We lay the groundwork for automatic calculation of the fraction of the X-ray cluster source

and background which lie within Chandra’s field of view. Finally, we repeat the analy-

sis detailed in Hollowood et al. (2018) on DES Y3 clusters, finding a TX − λ relation of

ln(E(z)−2/3kTX) = (0.36± 0.05) ln(λ/67.11) + (1.91± 0.02) with intrinsic scatter of σintr =

0.28±0.02 and an LX−λ relation of ln(LX)/E(z) = (1.09±0.09) ln(λ/67.11)+(0.18±0.06)

with intrinsic scatter of σintr = 0.85± 0.01. We repeat centering analysis detailed in Zhang
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et al. (2019), and find a well-centered fraction for DES Y3 of 0.779+0.048
−0.100.
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2

Background

2.1 The Dark Energy Survey and the redMaPPer algorithm

The Dark Energy Survey (DES) is an optical and near-infrared survey of 5000

square degrees of the southern hemisphere in griz bands (as in the Sloan Digital Sky

Survey), using a 3 square degree CCD camera mounted on the Blanco 4m Cerro Telolo

Inter-American Observatory. Over its five years of observation the Dark Energy Survey

has analyzed approximately 300 million galaxies (The Dark Energy Survey Collaboration,

2005). This project focuses on analysis of galaxy clusters from the first three years of obser-

vation, which was released to the collaboration in June 2018. Data from more recent years

is yet to be released.

Clusters in large surveys such as DES can be detected and analyzed using cluster-

finding algorithms. While finding an object’s equatorial coordinates from an image is fairly

straightforward, estimating the redshift of an object is much more complicated, and must

be performed cleverly. This analysis employs the red-sequence Matched-filter Probabilistic
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Percolation (redMaPPer) cluster finder, introduced in Rykoff et al. (2014). Galaxies which

belong to one cluster reside at the same redshift, which gives them similar color. Given

that most cluster galaxies are old and therefore comprised of mostly red stars (Bell et al.,

2004), clusters are mostly red in optical data, and one can thus extrapolate the redshift of

cluster galaxies from photometric data alone (Rykoff et al., 2014). The redMaPPer cluster

finding algorithm detects galaxy clusters based on a minimal sample of optical spectroscopic

data on red-sequence galaxies, and outputs their richness λ as well as the locations of their

centers (Rykoff et al., 2016) in cluster catalogs that can be used in cosmological studies.

Richness is an optical cluster observable which is analogous to the number of

red (“red-sequence”) galaxies within a cluster. While many optical cluster observables

have been called “richness” in the past, the richness calculated by redMaPPer is the total

membership probability of all red-sequence galaxies within the cluster. Richness scales

with mass with relatively low intrinsic scatter, and is therefore a powerful optical cluster

observable. However, the intrinsic scatter distribution of richness with mass is not well-

understood.

Observable-mass relations can be determined from optical cluster data using stacked

weak lensing (Leauthaud et al., 2010; Simet et al., 2017). The only way to directly observe

the mass of a large object such as a galaxy cluster involves measuring how much its gravi-

tational pull bends the light from surrounding objects in a phenomenon known as “gravita-

tional lensing.” While large cosmological surveys often do not have the depth of data to infer

mass based on gravitational lensing alone, the process of “stacking,” multiple similar clus-

ters on their centers and averaging their properties can produce reasonable average masses

and therefore mean observable-mass relations such as the ones relating the observables dis-
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cussed above. However, observable-mass relations from stacked weak lensing analyses are

particularly susceptible to errors from miscalculated centers (Melchior et al., 2017), and

therefore it is necessary to study multiple observables so as to correct miscalculated cluster

centers.

In this study, we investigate the intrinsic scatter of λ with mass using analysis

of X-ray images from the Chandra X-ray Observatory of clusters found in the DES Y3

redMaPPer catalog, and use centers calculated from these X-ray clusters to calibrate for

cluster mis-centering in redMaPPer catalogs.

2.2 X-ray Follow-Up of Optical Clusters and the MATCha

Pipeline

One way to constrain the intrinsic scatter of optical cluster observables is by fol-

lowing up observations in other wavelengths. Following up optical cluster catalogs with

X-ray data is ideal for three reasons: the availability of archival Chandra data on hundreds

of clusters in optical cluster catalogs, the existence of low-scatter X-ray mass proxies, and

that the presence of X-ray emission closely follows the density of clusters, so that their

centers can be easily picked out. In addition, there is already a precedent for using X-ray

temperature to understand the intrinsic scatter of richness as in Rozo & Rykoff (2014).

The X-ray luminosity (LX) and temperature (TX) are powerful follow-up observ-

ables because they can be measured from the X-ray flux and the X-ray spectrum respectively.

LX is observable through a phenomenon known as Bremsstrahlung radiation, in which elec-

trons are slowed down by positively charged nuclei in the intracluster medium (ICM) and
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emit light which is detectable in X-ray frequencies. Cluster luminosity is proportional to

the square of the electron density in cluster gas. TX can be inferred from the cluster’s X-ray

spectrum. Both observables relate to properties of the cluster gas. Because gas is mostly

in hydrostatic equilibrium in the cluster potential well, both of these properties can tell us

about the depth of the cluster potential well and therefore about cluster mass.

We use the Mass Analysis Tool for Chandra (MATCha, Hollowood et al. (2018))

to follow up clusters which appear in both redMaPPer optical catalogs and the Chandra

archive. MATCha is an automated, massively parallelized pipeline which takes a set of

equatorial coordinates (RA, Dec) and a redshift (z), from a redMaPPer cluster catalog.

Using these, it automatically downloads any Chandra images at these coordinates and

attempts to find TX and LX , cluster centroids and X-ray peaks, and r2500 and r500 radii.

The centroid is defined as the center of surface brightness of an observation within a region.

r2500 is the radius around a galaxy cluster halo within which the density is 2500 times

the critical density of the universe, and r500 is the radius around a cluster halo within

which the density is 500 times the critical density of the universe. These calculations are

performed at once on different cores of a supercomputer, and MATCha is structured to

optimize for such an environment, storing previously-run analyses in a cache so as to avoid

duplicate calculations. In order to perform its analysis, MATCha uses a series of CIAO and

HEASOFT tools (Fruscione et al., 2006).

MATCha’s first step in X-ray follow-up of optical clusters is to find as many clusters

as possible in archival Chandra data. It does so by querying the Chandra database for sky

coordinates given in a redMaPPer catalog using a CIAO tool called find chandra obsid. For

each set of coordinates in a Chandra observation, MATCha downloads the Chandra images
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and processes them using the CIAO tool chandra repro, which runs the recommended set of

Chandra data processing steps. MATCha then narrows the energy range to 0.3-7.9keV and

removes particle background flares using the CIAO tool deflare before creating images and

exposure maps for each observation. Finally, MATCha identifies point sources in the images

using the CIAO tool wavdetect and removes them from the observation. This concludes the

data processing step, after which MATCha begins the attempt to find X-ray centroids,

temperatures and luminosities.

The algorithm for determining LX , TX , centroids, r2500 and r500 is intensive. In

general, TX is found using the CIAO tool XSPEC to fit a temperature to the X-ray spectrum

in each observation. This is done assuming a galactic hydrogen column density from the

HEASOFT tool nH. LX is then calculated from the flux and the distance to the cluster.

Centroids are calculated using the CIAO tool dmstat, iteratively and initially within a

500kpc region. If a TX can be found within a 500kpc aperture, an r2500 radius is calculated

from this TX using the scaling relation in Arnaud et al. (2005). A new centroid is calculated

within the r2500 radius, and TX and LX are found within this region. This is repeated for

the r500 radius.

An outline of the MATCha algorithm is as follows: First, MATCha centers a

500kpc region around the redMaPPer position. It then iterates centering by moving the

500kpc radius aperture for 20 iterations or if the new center is within 15kpc of the old

center. If 20 iterations are reached, the cluster is marked as “undetected.” If MATCha is

able to iterate until convergence within 15kpc, it then checks whether the signal-to-noise

ratio (SNR) for the source region is greater than 5.0. If not, this cluster is also marked as

“undetected.”
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For undetected clusters, upper limits on LX are calculated from an assumed tem-

perature of 3.0 keV and an assumed r2500 of 500 kpc.

For “detected” clusters, MATCha extracts a background-subtracted spectrum

within a 500 kpc aperture and uses this to fit TX and LX within 500 kpc. If the spectral

fit fails to find a TX , MATCha iterates on the LX − TX relation with a starting assumed

temperature of 3.0 keV until values converge within uncertainty, with maximum iterations

set to 10. If the spectral fit is successful, an r2500 region and centroid is then calculated

from the 500 kpc TX . These steps are repeated for the r500 region.

X-ray peaks are found by smoothing the binned Chandra image and then finding

the brightest pixel within 500 kpc of the 500 kpc centroid found previously. The location of

the X-ray peak is checked (and, rarely, corrected) visually as a crucial part of post-pipeline

analysis.

After the LX , TX , centroids and X-ray peaks are found using MATCha, the sample

is filtered both for potential problems with the automated analysis and for interesting

cluster properties. The first step in this post-pipeline analysis is to check that no detected

clusters are actually bright nearby clusters rather than the intended redMaPPer cluster,

which may lie in the foreground or background of an image of a bright nearby object.

This is done by comparing the output cluster catalog to the catalog in the NASA/IPAC

Extragalactic Database (NED) (NASA/IPAC Extragalactic Database, 2019). Then, the

images are examined visually.

The first set of criteria marked by the research group falls broadly into the category

of problems which inhibit accurate measures of data. These include instances in which most

of the cluster source or background regions are not in Chandra’s field of view, or if Chandra
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was not in an imaging mode when all images were taken. These clusters are cut from the

sample. For undetected clusters, the post-pipeline flagging ends here, as images of them are

not often clear, and they are only used as upper limits in LX -λ scaling relations. Clusters

in which a significant portion of the background or source is obscured or contaminated by

a nearby cluster are also flagged to be cut from the dataset. These clusters are flagged as

“overlap.” Clusters which are incorrectly identified by MATCha as a redMaPPer cluster

but are in fact a cluster in the foreground or background of the redMaPPer cluster are

marked as “masked,” and also cut from the sample.

The second set of criteria fall into the category of interesting cluster attributes.

Clusters undergoing mergers are perhaps the most obvious to identify; however, “serendip-

itous” clusters are also identified. Serendipitous clusters are defined as clusters which were

not the aimpoint of the Chandra observation. These are interesting because they do not

suffer the same selection bias as the rest of the archival sample: while images that have

been taken for other studies are biased towards bright, dynamic clusters with peculiar as-

trophysics, serendipitous clusters – clusters which were not selected to be observed at all –

are free from this bias.

A visual representation of MATCha run on a typical cluster is shown in Fig. 2.1,

which shows the X-ray peak, redMaPPer center, 500kpc, r2500, and r500 regions overlaid

on an X-ray image of a redMaPPer cluster from the Chandra archive. MATCha and the

methods described above have been used in several previous works; notably in an analysis

of clusters in the Sloan Digital Sky Survey Data Release 8 redMaPPer catalog (Hollowood

et al., 2018) and the Dark Energy Survey Year 1 redMaPPer catalog (Farahi et al., 2019).

MATCha’s centering analysis has been used in Zhang et al. (2019).
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RM J162124.8+381008.9

Figure 2.1: MATCha output: an archival Chandra exposure of redMaPPer cluster

J162124.8+381008.9. The green squares mark the edges of Chandra’s CCD chips. The

white dot marks the location of the redMaPPer cluster, whereas the green “x” marks the

location of the X-ray peak as detected by MATCha. The pink circle marks the 500 kpc

radius. The cyan circle is the r2500 radius, or the radius in which cluster mass density is

2500 times the critical density of the universe, and the yellow circle is the r500 radius, or the

radius in which cluster mass density is 500 times the critical density of the universe. The

gradient shown around the cluster is x-ray intensity; the dimmer signals are blue, whereas

the brightest points of the cluster show in orange and yellow to white. Green ellipses indicate

point sources which are removed from the analysis.
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3

Upgrades to the MATCha pipeline

While this thesis is primarily concerned with scaling relation and centering results

for DES Y3 using MATCha, much of my work has been on improving the MATCha pipeline

itself. This section details methods which have been improved by my own work.

3.1 Iterative Algorithm for Finding Luminosities without Tem-

peratures

We find cluster X-ray luminosity LX via X-ray flux and redshift distance. However,

in order to infer the X-ray flux, it is necessary to have information on the X-ray spectrum

and thus the energy distribution of photons. With deep enough data, TX can be fit alongside

a spectral model (in this case, we use Bremsstrahlung and line emission), which requires

that data have enough photons to sample the shape of the spectrum so they can be fit to

a model and a TX . There exists a considerable fraction of our sample for which the depth

of data is not sufficient to fit the temperature from the X-ray spectrum.
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Figure 3.1: LX found from iteration on LX−TX relation vs. measured LX values (all points

had both an iteratively calculated LX and an LX which was fit alongside TX). Note how

these follow a one-to-one relation across luminosity, which becomes tighter as LX values

increase.

Within typical values of TX , LX is more dependent on the normalization of the

X-ray spectrum than its shape. Therefore, by assuming a TX typical of the low-richness

clusters which do not offer deep enough data to fit LX alongside TX , we can get a value of

LX which is within a factor of 2 of the actual value. Elaborating on this, we can assume a

TX value to start with, calculate a corresponding LX , and iterate on the LX − TX scaling

relation until convergence. As shown in in Figure 3.1, luminosities found using this method

are not shown to deviate significantly from measured luminosities. This algorithm has been

implemented in the MATCha pipeline and used in the LX − λ scaling relation in Section

4.2.
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3.2 Implementation of Centering on X-ray Peaks

Implementation of centering on the X-ray peak was considerably more straight-

forward because the X-ray peak can be calculated using the CIAO tool dmstat. While

previously, X-ray peaks were found using a python post-processing tool, centering analysis

on the X-ray peak required peak finding to be integrated into the main pipeline. First,

images are created and exposure corrected from each observation using fluximage. Then,

the image was smoothed around the X-ray peak using the CIAO tool aconvolve and a 2D

Gaussian function with a 50kpc radius. Then, dmstat was run on the smoothed, exposure-

corrected image to get the maximum-valued pixel. These steps are performed on every

observation of any cluster in given a region. Core-cropped LX values have shown to have

lower scatter, so this method will be useful in future analyses, and will also enable analysis

of cool cores in our cluster sample.

3.3 Automated Chip-Edge Flagging

Some of the visual analysis described in Section 2.2 can be quantified numerically.

Therefore, it can be automated, which saves time and increases consistency. Specifically,

one can already calculate the fraction of an aperture which lies outside the field-of-view; the

CIAO tool dmstat already outputs this value with each run as “good” and “null” pixels.

Work on quantifying an acceptable good/null pixel ratio such that source and background

regions of each cluster we analyze lie within Chandra’s field of view is being done right now

by a current undergraduate, Jose Jobel, with my guidance.
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4

Results

4.1 MATCha Sample for DES Y3

The sample used in the fit for TX − λ consists of detected clusters in the Dark

Energy Survey Year 3 redMaPPer catalog and the Chandra archive for which TX could be

fit from the X-ray spectrum, and which were not flagged as masked, bad mode, or as having

any significant portion of the cluster or backgound on a chip edge. Of the 53,610 clusters in

the DES Y3 redMaPPer catalog, 1092 could be found in Chandra archival data. Of these,

321 were marked as “detected” (signal-to-noise ratio > 5). Of these, there remained 163

clusters which did not have the above-mentioned flags. This sample is smaller than the SDSS

DR8 redMaPPer sample used for both the TX−λ and LX−λ scaling relations in Hollowood

et al. (2018) (235 clusters) and over twice the sample used for both the TX −λ and LX −λ

scaling relations for DES Y1 in Farahi et al. (2019) (68 clusters). The sample used in the

fit for LX − λ for DES Y3 consists of detected clusters in the DES Y3 redMaPPer catalog

and the Chandra archive for which luminosities could be fit or calculated, and without the
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same flags mentioned above. Of the 321 detected clusters, there remained 237 clusters for

which the r2500 luminosity could be fit or iteratively calculated. This is nearly 4 times as

large of a sample as the sample from DES Y1, and comparable to the sample from SDSS

DR8. It is no mystery that the sample which could be used for the LX − λ scaling relation

was much larger than the TX − λ sample, as the methods outlined in Section 3.1 enabled

the inclusion of 74 additional clusters. The luminosity used in this study was the r2500 soft

band luminosity (0.5-2 keV).

The centering sample consisted of detected clusters not flagged as masked, bad

mode, or having an X-ray peak on a chip edge, for which the signal-to-noise ratio in a

500kpc radius was greater than 10. Of the 321 detected clusters, 174 had a signal-to-noise

ratio greater than 10 and did not have the above flags. This is over twice the sample size

for DES Y1 redMaPPer -selected clusters in the Chandra archive (67) and comparable to

the sample size for SDSS DR8 redMaPPer -selected clusters in the Chandra archive (144),

despite that a less conservative cut on signal-to-noise ratio was made on these samples

(Zhang et al., 2019).

4.2 Scaling Relations

Linear regressions for TX −λ and LX −λ scaling relations were performed using a

hierarchical Bayesian model as in Kelly (2007) implemented in the CluStR fitting code by

Spencer Everett and Vernon Wetzell. We compare our results to the DES Y1 redMaPPer

sample which appears in Chandra data in Farahi et al. (2019) and the SDSS DR8 redMaPPer

sample which appears in Chandra data in Hollowood et al. (2018). Our methods for fitting

both TX − λ and LX − λ scaling relations follow those in Hollowood et al. (2018) for r2500
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TX and LX across all redshifts. Our results differ from Chandra results in Farahi et al.

(2019) in that their values for λ were recalculated at the X-ray peak of each cluster, which

lessens the intrinsic scatter on the relation due to cluster mis-centering. Therefore it is

reasonable that the intrinsic scatter in this thesis should be comparable to Hollowood et al.

(2018) and more than in Farahi et al. (2019). Scaling relations are presented in the form

y = α ln(λ/λpiv) + β, where λpiv is the pivot point of the fit and y is a normalized X-ray

observable TX or LX .

4.2.1 TX − λ Scaling Relation

The TX − λ scaling relation is normalized by the factor E(z)−2/3k, where E(z) =

H(z)/H0 is the evolution of the Hubble parameter with redshift and k is Boltzmann’s

constant. If we assume that clusters are self-similar and in hydrostatic equilibrium, we

can expect the quantity E(z)−2/3kTX to correlate more strongly with mass than TX alone

(Kaiser, 1991), as E(z) accounts for cluster evolution with redshift across a broad redshift

range. Therefore, we fit the E(z)−2/3kTX − λ scaling relation. Our fitting algorithm sets

λpiv to the median of λ, which in this sample was 67.11. Fit parameters for the r2500 TX -λ

scaling relation from different datasets are listed in Table 4.1. In Farahi et al. (2019) and

Hollowood et al. (2018), λpiv = 70, so the difference in intrinsic scatter is not so much that

they are not comparable.

Notably, the TX −λ sample for DES Y3 (Fig. 4.1) differs from those for DES Y1

(Fig. 4.2 (a) ;Farahi et al. (2019)) in that there are many more low-richness clusters in

this sample. We find normalization β and residual scatter σintr values to be very similar to

those from the DES Y1 sample and from the SDSS DR8 sample (Table 4.1). The slope α
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r2500 TX − λ Scaling Relations

Dataset β α σintr Figure

DES Y3 1.91± 0.02 0.36± 0.05 0.27± 0.02 4.1

DES Y1 (Farahi et al., 2019) 1.65± 0.05* 0.56± 0.09 0.260± 0.032 4.2(a)

SDSS DR8 (Hollowood et al., 2018) 1.82± 0.02 0.54± 0.04 0.26± 0.02 4.2(b)

Table 4.1: Scaling relations for TX−λ within the r2500 radius across multiple samples. Scal-

ing relations are presented in the format ln(y) = α ln(λ/λpiv) + β where y is E(z)−2/3kTX .

We compare our results from clusters which appear both in Chandra archival data and in

the Dark Energy Survey Year 1 and the Sloan Digital Sky Survey Data Release 8. Values

for β and σintr are consistent across all three samples, whereas the current DES Y3 value

for α differs significantly from those found in other samples. *This value of β was listed

in the form eπT |λ and had to be converted into a format where it could be compared. The

corresponding error on β = ln(eπT |λ) was propagated using the Derivative Method, such

that it could also be compared to those in this study and in Hollowood et al. (2018).
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is somewhat shallower than those found for DES Y1 and SDSS DR8. Though the Chandra

sample of DES Y1 data contains many less low-richness clusters, the sample which appears

in DES Y1 and XMM-Newton archival data (Farahi et al., 2019) does have many more low

richness clusters. For a joint Chandra-XMM sample found in DES Y1, α = 0.62 ± 0.04

(Farahi et al., 2019) is even further from ours. In addition, the SDSS DR8 Chandra sample

has many low-richness clusters (Fig. 4.2 (b); Hollowood et al. (2018)), so we cannot

simply explain away our differences in slope with a broader sample. This may change in

future, however, because we have not yet looked into outliers in our sample. In particular,

mispercolated clusters, or clusters which redMaPPer has incorrectly split into two or more

separate clusters, have a tendency to flatten the slope of scaling relations and have not

yet been accounted for. A full investigation of outliers will be conducted before results are

published.

4.2.2 LX − λ Scaling Relation

The LX−λ scaling relation was fit using the same methods as the TX−λ relation.

LX − λ was not fit for DES Y1, but it was fit in Hollowood et al. (2018) for the SDSS DR8

redMaPPer catalog. Fit parameters for the r2500 LX − λ scaling relation in both datasets

are listed in Table 4.2, and our fit is shown in Fig. 4.3, where LX is scaled by 1044ergs/s.

As we can see from Fig. 4.3 and Fig. 4.4, the DES Y3 and SDSS DR8 samples do find a

similar σintr, though for DES Y3 we get a noticeably higher intercept and somewhat lower

slope (Table 4.2). As with the TX − λ scaling relation, a lower slope value could be due

to outliers from mispercolations. In addition, redshift cuts have not yet been made on this

sample. The most reliable redshift range for the Dark Energy Survey is 0.2 < z < 0.65, so
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Figure 4.1: Preliminary r2500 TX − λ scaling relation for DES Y3 clusters which appear in

the Chandra archive. Purple points indicate cluster properties, where the blue line is the

(fit) scaling relation. The fit line is surrounded by a translucent purple bar which denotes

1σ error bars about the fit. The pivot point is the point at which this bar is lowest, at

λpiv = λmed = 67.11.
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(a) (b)

Figure 4.2: Previous results for r2500 TX−λ scaling relations. (a) Sample from DES Y1 and

Chandra archival data (Farahi et al., 2019). The purple points denote cluster data, while

the blue line is the fit scaling relation. The blue bar around the fit is a 1σ error about the

fit. Each consecutive gray bar is another 1σ of error from the fit. Note the comparative

lack of low-richness clusters in this sample, and that the sample is much smaller than that

of DES Y3 in general (Fig. 4.1). (b) Sample from SDSS DR8 and Chandra archival data

(Hollowood et al., 2018). The black points mark cluster data, while the red line is the fit.

The grey bar is a 1σ error bar about the fit. The green dotted line is a scaling relation from

Rozo & Rykoff (2014), which uses clusters from the SDSS DR8 redMaPPer catalog and

the Chandra ACCEPT catalog; clusters which were selected for particularly deep Chandra

observations.
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r2500 LX − λ Scaling Relations

Dataset β α σintr Figure

DES Y3 0.18± 0.06 1.09± 0.09 0.85± 0.01 4.3

SDSS DR8 (Hollowood et al., 2018) −0.08± 0.05 1.37± 0.08 0.84± 0.03 4.4

Table 4.2: LX−λ scaling relations for the r2500 soft band luminosity across datasets. Scaling

relations are presented in the format ln(y) = α ln(λ/λpiv) + β where y is LX/E(z) and LX

has units of 1044 ergs/s. We compare our results to those from Hollowood et al. (2018).

Note that σintr is very similar, but α and β differ between the samples.

our LX − λ scaling relation for DES Y3 may change after additional cuts.

4.3 Centering

A centering histogram was made of scaled offsets between the X-ray peak of a

cluster and its center according to redMaPPer. The offset is scaled by the richness radius

Rλ = (λ/100)0.2h−1Mpc where h = H0/100kms−1 Mpc−1 = 0.7, which assumes a flat

ΛCDM cosmology. This histogram was fit to two gamma functions using well-centered and

mis-centered models and the same methods as in Zhang et al. (2019):

P (x|ρ, σ, τ) = ρ× Pcent(x|σ) + (1− ρ)× Pmiscent(x|τ) (4.1)

where x = roffset/Rλ, Pcent(x|σ) and Pmiscent(x|τ) are the centered and mis-centered dis-

tributions, and ρ, σ and τ are fit parameters. We define

Pcent(x|σ) =
1

σ
exp (−x

σ
) (4.2)

and

Pmiscent(x|τ) =
x

τ2
exp (−x

τ
) (4.3)
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Figure 4.3: Preliminary r2500 LX − λ scaling relation for DES Y3 clusters in the Chandra

archival sample. Lavender points are our data, where the blue line through the center is

the scaling relation. This is surrounded by a lighter blue 1σ error bar. The pivot point for

this fit was λ = λmed = 67.11.
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Figure 4.4: r2500 LX−λ scaling relation from Hollowood et al. (2018). Black points indicate

LX values which were fit alongside TX , and green points indicate LX values which were fit

with an assumed TX . The red line is the fit, and the gray bar is a 1σ error bar about the

fit.

as in Zhang et al. (2019). The fit produced the distributions shown in Fig. 4.5 and the

parameters listed in Table 4.3. The parameter ρ represents the fraction of well-centered

clusters. For the DES Y3 redMaPPer sample, the fraction of well-centered clusters was

0.779+0.048
−0.100, which is consistent within uncertainties for DES Y1 and SDSS DR8 (see Table

4.3). τ is the width of the mis-centered distribution, or how offset the mis-centered clusters

are. Our τ value of 0.192+0.049
−0.055 is consistent within uncertainty of DES Y1 and SDSS DR8

redMaPPer samples. σ represents the width of the well-centered distribution. This accounts

for uncertainties in X-ray positions of clusters, as X-ray gas does not trace perfectly with

number of cluster galaxies. Our σ = 0.0405+0.0057
−0.0080 for DES Y3 is consistent with σ for DES

Y1.
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Centering distribution parameters in DES Y3 vs. Y1 and SDSS DR8 samples.

Dataset ρ σ τ

DES Y3 0.779+0.048
−0.100 0.0405+0.0057

−0.0080 0.192+0.049
−0.055

DES Y1 (Zhang et al., 2019) 0.835+0.112
−0.075 0.0443+0.0231

−0.0094 0.166+0.111
−0.042

SDSS DR8 (Zhang et al., 2019) 0.678+0.035
−0.051 0.0156+0.0026

−0.0020 0.179+0.021
−0.021

Table 4.3: Fit parameters for centering gamma distributions across redMaPPer catalogs.

All were fit using the methods in Zhang et al. (2019) for Bhargava et al. (in prep). The

parameter ρ indicates the fraction of clusters in the sample which are well-centered.

Figure 4.5: Centering histogram and corner plot for DES Y3 data Bhargava et al. (prep).

The data are fit to two separate Gamma distributions, a “well-centered” model in black,

and a “mis-centered” model in red. The inlaid plot shows a zoomed-in image of the area

where the mis-centered histogram begins to dominate. The corner plot suggests that there

is weak correlation between the fit parameters, but that they all follow roughly Gaussian

distributions.
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5

Summary and Future Work

In this thesis, we present preliminary results for a Chandra X-ray follow up to

the Dark Energy Survey Year 3 redMaPPer sample, as well as significant upgrades to the

MATCha analysis pipeline. We implement X-ray analysis centered on cluster X-ray peaks,

and develop iterative methods to find X-ray luminosities without temperatures which are

consistent with r2500 band luminosities which are fit alongside temperatures. We find an

r2500 TX−λ relation of ln(E(z)−2/3kTX) = (0.36±0.05) ln(λ/67.11)+(1.91±0.02) (σintr =

0.28 ± 0.02) and an r2500 LX − λ relation of ln(LX/E(z)) = (1.09 ± 0.09) ln(λ/67.11) +

(0.18 ± 0.06) (σintr = 0.85 ± 0.01). We find a well-centered fraction of 0.779+0.048
−0.100, which

is consistent with previous analysis despite more than doubling the DES Y1 redMaPPer -

selected sample in the Chandra archive. Quantifying the intrinsic scatter on the richness λ

allows for better mass estimates of galaxy clusters, enabling more accurate cosmology from

richness-mass relations. The cluster mis-centering distribution is an important systematic in

cluster cosmology, and therefore our centering results also enable more accurate cosmology

from clusters in DES Y3.
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The first step in continuing this analysis is to investigate outliers in the scaling

relation samples. Some outliers may be due to errors in redMaPPer or MATCha such

as mispercolation, so corrections could meaningfully change results. Further data cuts on

redshift, as well as recalculating richness at cluster X-ray peaks for DES Y3, should improve

the accuracy of our scaling relations, so that they will be ready for publication. Analysis

should be repeated on the r500 regions for DES Y3.

Further work with MATCha that directly follows from this thesis would be the

completion of automated flagging code outlined Section 3.3. Preliminary implementation

of chip-edge flagging is currently being worked on by Jose Jobel, an undergraduate in the

research group, with my guidance. However, improved chip-edge flagging (which involves

not just the fraction of “good” and “bad” pixels, but the distance of the nearest point

in the source region to the edge of a Chandra CCD chip) could be attempted in future.

From there, it would not be too complicated to automate flagging whether particular source

regions (500kpc, r2500, and r500) were outside of a chip edge and should be excluded from

analysis individually. This would be particularly valuable for clusters where the r500 radius

extends past a chip edge but the r2500 radius does not. Other flagging (for example, flagging

that Chandra is in spectroscopy mode at the time of the observation) could be automated

as well.

Finally, the code outlined in Section 3.2 should be used in analysis of core-cropped

r500 regions. Though previous analyses of core-cropped r500 regions has been performed,

centering those core-cropped regions on the centroid rather than the X-ray peak became

problematic in cases where the centroid was offset from the cluster core. This should be

ameliorated with the implementation of centering on the X-ray peak, and therefore should
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result in lower-scatter LX scaling relations.

The analysis detailed in this thesis will likely be repeated on the Dark Energy

Survey Year 5 data release. Similar X-ray follow-up will likely be pertinent to cluster

cosmology with the Large Synoptic Sky Telescope (LSST) using redMaPPer. In addition,

there is no reason why the use of MATCha should be restricted to redMaPPer cluster

catalogs in particular. MATCha could reasonably be expanded to accommodate any cluster

catalog which includes a redshift estimate. Therefore, the use of MATCha in Chandra X-ray

follow-up of optical clusters should endure through at least the next ten years.
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