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Abstract

Traditionally, halo radii have been defined based on the spherical over density criterion
where the halo radius encloses some over density with respect to the critical or mean density
of the universe, leading to definitions such as Rsgo., Rooom, and R,;.. Splashback Radius is a
proposed, physically motivated definition of halo boundary. It is the radius at which infalling
material reaches its first apocenter in a halo. N-body simulations have shown the existence
of this feature. Observational evidence of the feature is the next challenge, especially for
halos below cluster mass scale. My work includes attempts to bring out this feature for
group mass galaxies in the Dark Energy Survey,and study it in different environments of the

universe.
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Introduction

Dark Matter halos are one of the fundamental predictions of the standard cosmological
model. Density fluctuations at the end of inflationary period of the universe collapse to form
the first bound structures. These structures, over time merge to form the massive halos
we see in present universe. This is often referred to as the Hierarchical picture of structure
formation. These massive halos provide the gravitational well into which baryonic matter
falls and clumps to form the galaxies that we can observe. Since dark matter is not directly
detectable yet, luminous galaxies are often used as tracers of the underlying dark matter
field. By cross- correlating galaxies and clusters, density profiles of the dark matter halos
can be created. These profiles contain information about structure formation on smallest
scales.

There exist several models to fit the density profile of dark matter halos exist and the first
theoretical work was done by cite and cite. These profiles assume a spherical top hat model
when predicting halo profiles. Much work has been done to study the inner profile of halos,
one famous example being the core-cusp problem. However, the outer edges still remain
an unexplored area. In 2014, Diemer and Kratsov [4] proposed a new fitting formula to
model the outer profile, alongwith inner profile as well. In this profile, they found a sharp
steepening of the profile in outer edges. This was called splashback radius in later work,
based on the fitting formula.

Observational studies have detected the splashback feature in cluster size halos, where it is
expected to be most prominent. The goal of this project is to detect the feature in clusters
and group mass halos. We also know, the formation and evolution of halos is also affected
by the environments they live in. This has a direct affect on the outer edges of a halo. To
study this effect on splashback radius, the analysis was also done on galaxies in the most
under dense and over dense regions of the universe.

The thesis is divided in four chapters. The first one deals with the theoretical basis of



splashback radius and the fitting formula for the density profile. The second chapter describes
the data used throughout this work, and the various selection cuts made. The third chapter is
a discussion on Bayesian Statistics and MCMC. The final chapter is the results and discussion

chapter.



Chapter 1

Dark Matter Halos

1.1 Spherical Collapse Model

In an expanding Einstein-de Sitter Universe, dominated by matter,consider a region spherical

in shape of radius RO.E] The mass enclosed in this region is given by

4
Myc? = gﬂ'Rng (1.1)
where pg is average matter density at some time in the universe t. If the same sphere is
now compressed to a radius r;, such that r; < Ry while conserving the mass, the equation

becomes A A

Mc* = §7T’l“?p = gwrf’po(l +9) (1.2)
0 is the over density, which initially is small. Using Newtonian arguments of gravity, the
evolution of this spherical region and the over density can be understood. The energy of a

particle at some radius r is given as

1., GM(r)
E=_p>—- "7 1.3
270 r (13)
and the equation of motion is
. GM(<r)
= (1.4)

' This is generally referred as Spherical Top Hat



For any particle such that r > Ry, the total mass is M, and E = 0,integrating gives

r(t) = At

9G M\ ? (1.5)
where A = | ——
2
We can use this solution to calculate average density, using [L.1jwe get

_ 3Mye? ., c?
T AR} PO oGy

| =

Po (1.6)

wiN

This is the same solution as that of a flat, matter dominated Einstein de Sitter Universe.
This is to be expected, since the initial assumption was the same. Now, looking at the more
interesting case, of a particle inside the sphere of radius r;, we have E < 0. Integrating [1.4]

we get,in parametric form

r(0) = A(1 — cos(6))
t(0) = B(0 — sin(0)) (1.7)
A3 = GM B?
Here, 0 is called the development angle, and goes from 0 to 27. It relates to the conformal

time 7 as
0 = nHo(Q — 1)2 (1.8)

These equations tell how the spherical region will evolve. For the case when the collapse has

just started, that is r = r;, we can take linear case of the equations, which gives

Ab? B&? A6
r,~—and t; & — ri=—\=] t
2 6 2\ B

Wi

(1.9)

oo

This is actually the same evolution as derived in[1.5 This tells us that the dense region first
expands, along with the universe. After some time, it decouples from the expansion and
starts collapsing. In fact, it decouples at 6 = w. This is the first turnaround. We can also

solve for the ¢ evolution as well. From [1.2] we can see the over density will be given as

_3Mé? ., 3Mc?
P A A3(1 — cos(6))?

(1.10)

4rr



We know 1+ § = p% From eq. 1.6 and 1.10, we get

46— 9(0 - sin(f))*

2 (1 — cos(9))* (1.11)

We can again take early time approximation of this equation, by taking terms upto second

order in the Taylor series, and putting the value of first turnaround at § = 7 we get
Opurn = 1.06 (1.12)

Going further along the same logic, we also can get the density contrast when complete

collapse happens, that is, at 8 = 27, we get
deort = 1.69 (1.13)

What this means is, where ever in the density field, the density contrast reaches 1.69, it
will lead to collapse. This answer is valid only in the linear regime, as the assumptions
made to arrive ignore higher order terms. In the spherical collapse model, the overdense
region collapses to a point, creating infinite density. However, in reality, due to the angular
momentum of the particles, as well mixing between different shells, this singularity is avoided.
Eventually, the region settles into equilibrium, to form a dark matter halo. From the Virial
Theorem,we know 71" = —%V,Where T is the total averaged kinetic energy of the system

and V is the averaged potential energy. From the [1.3] it’s clear that at turnaround, kinetic

GM
Tturn

energy of the system at late time, when equilibrium is achieved.

energy becomes zero, and V., = — . Since energy remains conserved, this is also the

1 1
Tyir + Viir = 5%17‘ = Viurn = Tvir = §rturn (114)

From the relationship between p and r, we can also conclude p,;; = 8pun. The goal is to

find density contrast, which from eq. 1.11, after putting 8 = 7 gives
Spir = 1872 — 1~ 178 (1.15)

What we arrived at is one of the most often used definition of a Dark Matter Halo. Irre-
spective of the initial peak, if a region has 200 times the density compared to that of the

background at that redshift, we have a virialised Dark matter halo, and the radius enclosing



this region is called the Virial Radius or Ryyy. The spherical collapse model is a simplified
model. The assumptions of spherical symmetry do not hold in nature. A critical assumption
of the model is the constant mass, which also breaks down due to shell mixing. The collapse
and evolution of a halo doesn’t happen in isolation, and is affected by the surroundings,

which the model cannot comment on.

1.2 Density Profile

Dark Matter halos have been studied extensively in the N-body simulations, to understand
the physics of halo formation and evolution. Because the interactions are only gravitational
in nature but highly non-linear at small scales, numerical simulations have become useful
tools to understand halos. One of the remarkable findings from these simulations was the
near universality of density profile of dark matter halos, which can be fitted by the NFW
profile. It is a two parameter model, and composed of two power laws. The inner regions of

the profile have a slope of —1 and the outer profiles have a slope of —3. It is given as
P

2
()

ps and rg are called scale density and scale radius, and are defined where the slope is -2.

p(r) = (1.16)

The ratio of r/rg is called the concentration of the halo c¢,;.. The success of NFW and other
fitting functions that have since been proposed is noteworthy. However, the main body of
work has focused on the inner profiles of these halos. It was observed in simulations that
there is a sharp decline in the slope of density profile within a small bin of radius. This could
not be explained by NF'W or other proposed profiles.

The theoretical understanding of this caustic can be understood by spherical collapse model
arguments itself. The radial velocities approach 0 as shells of matter turn around in their
orbits at their apocenters. Because of this, subsequent shells of matter pile up against each
other forming density caustic. These are narrow, localized regions of enhanced densities.
The outer most density caustic in a dark matter halo corresponds to the first apocenter after
infall of a shell into the halo potential and acts as the boundary of the virialized region of

the halo. Figure shows the caustics and phase-space diagram from simulations.
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Figure 1.1: Caustics for self-similar halos.The left panel shows the phase space diagram for
spherically symmetric collapse (solid black curve) and for 3D collapse with e = 0.05 (color
map). The right panel shows density with radius. The black line on the right shows outer
most caustic and the splashback radius.[2]



1.2.1 The DK14 Model

In order to fit the density profile and the sharp feature in slope at outskirts of halo, Diemer
and Kravtsov proposed a model in 2014. The inner profile is given by Einasto fit, multiplied
with a transition function The transition term, fi.q.ns, captures how the profile steepens
around a truncation radius, r;. The parameters v and § characterise the steepness of the
profile at r ~ R200m and how quickly the slope changesrespectively. The outer profile is
given by a power law, with a pivot at ry. The value of outer mean density and the pivot

radius are degenerate with each other, and there

(1.17)
ftrans (T) =

) r —Se
pmfall(r) = po (_)

To

This is the model used in this work.

10
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Figure 1.2: The density profile and derivative of log of density with log of radial distance,
when fitted with DK14 model. Shaded bands show interval around median that contain 68%
of the individual halo profile. The profiles are from N-body simulations, for low mass(left)
and high mass(right) halos. The location of splashback is at the minima of the slope. The

fit of inner profiles is very close to Einasto/NFW. Various other definitions of radius of halo
are also marked.
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Chapter 2

Galaxy Groups and Clusters

The visible universe has wide range of astrophysical objects in its catalogue. From planets
within our solar systems to galaxies hundreds of thousands of light years away, and everything
in between. Galaxy Clusters and groups are one of the largest gravitational bound objects
of gas,dust, stars and dark matter. They can be 10 to 1000 times massive than our own

galaxy, Milky Way.

This visible universe has been mapped by various surveys over the years. Marking the
position of objects in sky over years of exposure has created catalogues of Groups and
Clusters. Since Dark Matter is difficult to detect, outside of gravitational lensing, galaxies

become the proxy for dark matter distribution.

For the work in this thesis, most of the data used is from Dark Energy Survey(DES)[14].
DES is a survey in the near ultra-violet, optical and near infrared band of EM spectrum. It
covered 5000 square degrees of the southern sky, in five bands, ¢grizY (similar to the optical
survey SDSS) over a period of six years. It has a depth of nearly z ~ 1. The survey used a
CCD camera, DECam, specifically built for the survey, mounted over Blanco 4m Cerro Telolo
Inter-American Observatory. The catalogues of clusters and galaxies constructed using the

survey and used in this work are described in this chapter.

13



Figure 2.1: Dark Energy Survey Deep Field Image, with many Groups and galaxies. courtesy

of NOIRIlab
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Figure 2.2: Region covered by DES in equatorial coordinates. Also included in this image is

Supernova Survey Field(”SN”), COSMOS, HSC-SSC DR-2 and VHS-DRA4. Filled Red are
the deep fields of DES. Solid Black line is Galactic Plane.[6]
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2.1 The redMaPPer Galaxy Cluster Catalog

Compared the early days of cosmology, modern day sky surveys are much larger and much
deeper. They have millions of objects and therefore, classifying manually these objects be-
comes herculean task. redMaPPer[I1] is one such cluster finding algorithm. It is based on
the fact that most of the clusters are made up of old, red galaxies. This helps the algorithm
possible candidates in the data. Because the Dark Energy survey is not a spectroscopic
survey, redshifts of the galaxies are not available. redMaPPer also gives z estimates. A
sequence of galaxies is built, by correlating the magnitude and color of the galaxies. Though
there is intrinsic scatter in this relationship, it is calibrated against spectroscopically con-
firmed galaxies, based on a the simple assumption that member galaxies of a cluster will
have the same redshift as the cluster itself. Following this, the redshifts are assigned based

on a likelihood method, the principle of which will be discussed in Chapter 3.

The algorithm also gives richness of the clusters, which is analogous to the number of
member galaxies in a cluster. The algorithm takes an aperture length, that is, radius around a
central that it will look at, and counts satellites around the central. The ”central” is defined
simply as the brightest galaxy in the over-densities of galaxies. The richness parameter
for the algorithm is then defined as sum of probabilities of membership for the satellite
galaxies. This richness can then be used to calculate mass of the cluster, using mass-richness
relation. For this work, Year 3 redMaPPer catalog is used,which covers the full 5000 square
degrees of the survey and is the latest available. Objects are selected between redshift of
0.2 to 0.7, and with richness between 20 to 100. The total number of clusters is 19,121
with the Redshift and richness cuts. Mean redshift of the sample is 0.47, mean richness
31.22. Random Catalog corresponding to the redMaPPer catalog is also used, to calculate
correlation function, discussed in Chapter 4. Previous work has been done on splashback
radius of redMaPPer clusters, and the goal of using this catalog was to construct a pipeline

that gives consistent results with the previous work.

2.2 The redMaGiC Catalog

The red sequence Matched-filter Galaxy Catalog builds on the red-sequence template of
redMaPPer, and identifies Luminous Red Galaxies(LRGs) in the survey[10]. Instead of

15
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Figure 2.3: Redshift vs Richness distribution of redMaPPer catalog, used in this work.
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Mollweide view

-1 0.621784

Figure 2.4: Density contrast map of redMaGiC field for 0.45 < z < 0.5, smoothed over
10Mpc.

first applying cuts to select for possible candidates, here, every galaxy is fit to the red-
sequence template and photo-z estimated. For the computed z, luminosity is calculated.
If the galaxy is more luminous than a minimum threshold, and is a good fit to the red-
sequence template, the galaxy is included in the catalog. The main advantage of using
redMaGiC is very good estimates on redshifts, with low scatter (< 1.6 per cent) and low
bias (< 0.5 per cent). Random Catalog corresponding to redMaGiC is also used, as in case

of redMaPPer to construct correct correlation functions.

2.3 Atacama Cosmology Telescope(ACT) DR5

ACT was a 6 metre, millimeter-wave telescope,located in Atacama Desert, in northern Chile.
The telescope detects galaxy clusters through Sunyaev-Zel’dovich(SZ) effect. This work
uses Advanced ACTPol cluster sample, as presented in Hilton 2021 [§]. The catalog was

17
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Figure 2.5: Footprint of ACT DR5(in grey), overlaid with Planck 353 GHz map. Other
surveys in the map: DES(Blue), HSC(magenta), KiDS(green).

constructed using multi frequency data (98 and 150 GHz). In order to confirm the redshift
of the clusters, data from multiple wavelengths was considered, in optical/IR. The masses for
cluster is estimated assuming the SZ signal-mass scaling relation and the halo mass function.
For the purpose of this work, clusters that are also present in the redMaPPer catalog are
used. The total number of clusters is then 1,149, between redshifts of 0.2 to 0.7. The mass
and redshift distribution of the sample is given in The mean Redshift is 0.46 and mean
mass Mspo. = 2.70 * 10'*. The randoms catalog as given by the survey collaboration is also

used.

2.4 The Photometric Galaxy Catalog

Photometric galaxies from the Year 3 results of DES[6] are used to calculate splashback

radius of clusters, by using the Cluster-Galaxy cross-correlation function.

18
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Figure 2.6: 2-D Histogram of ACTxDES-redMaPPer Clusters in Redshift-Mass bins.
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Chapter 3

Measurement of Splashback

Previous chapters have dealt with the data used in this thesis and theoretical model to
explain the data. Here we connect the two by going through the process of fitting data to a
model. The techniques and tools discussed in this chapter are used widely in Cosmology and
Astronomy. First section deals with constructing correlation function from a finite volume
survey using an estimator. The second section is discussion of Bayesian inference using

Monte Carlo. Finally, we put the two together in next chapter and get results.

3.1 Correlation Function

We define two-point correlation Function £(r) as the excess probability of finding a galaxy at

some distance r from another galaxy. Mathematically,
dP =< p > [14&(r)]dV (3.1)

< p > is the mean number density of galaxies, and dV is the volume element at distance r.

The probability of finding a galaxy a in volume dV at some location x is
dP; =< p(x) > dV; =< p > (1 + §(x))dV; (3.2)

21



From this, the probability of finding a pair of galaxies separated by r is,

dVydV,
[1+0(x+r))VidVs
+ (0(x +1)) + (d(x)0(x + 1))]dV1d V3

~ — ~

since (§(x)) = (0(x+r)) = 0. In order to get the probability of finding second galaxy after
the first one, divide dP15 by dP;, we get,

4P, = ()1 + (3()3(x + r))]dVs (3.4)
Comparing with 3.1 we can see
£(r) = (5030 + 1) 3.5

Since Data is discrete, in order to calculate correlation function, number of galaxy pairs
dd(s) at some separation s, which fall within some bin Ar of the separation. But how much
of this is the excess? Any random distribution of galaxies is given by Poisson Distribution.
Therefore, the excess is in comparison to pairs of galaxies r7(s) made by this process. The

simplest estimator is therefore, by comparing the discrete definition to the continuum limit

14+£&(s) = (3.6)
In order for the error to tend to zero, the number of points needs to tend to infinity. It is very
difficult to increase number of data points(using telescope observation), but randoms can be
scaled easily, since they can be made by using any of the numerous randoms algorithm.
However, the assumption in writing the above expression is that (p) is the same for both,

data and randoms. Therefore, the pair counts need to be scaled.

_ dd(s)
DD(S) - nd(”d _ 1)/2 (3 7)
B rr(s) '
RR(s) = o= 12
The estimator is DD
14+&(s) = RE (3.8)

22



Since a galaxy survey surveys just a finite volume of a single realization,random error can be
amplified by edge effects. In the case where the galaxies lie close to the edge of the survey
these volumes are smaller as the part of the shell that falls outside the survey volume is not

included. In order to account for these effects, Landay & Szalay proposed the estimator

DD —RD - DR+ RR
- RR

&(s) (3.9)

This is the estimator used throughout this work.

3.1.1 Density profile From Data

The galaxy-cluster correlation,w(R), can be correlated to the distribution of galaxies around
a cluster. In order to construct the density profile, the method given in Chang et. al and
Baxter et.al is followed. R here is the projected distance on the sky, and is related to the
co-moving distance, Reomoving = (1 + 2) Rpny. DK14 had shown that R, scales with physical
R0, and since it is inversely proportional to (1 + z), by choosing co-moving coordinates,
the dependence on redshift is factored out.

The catalog is broken into redshift bins each of width Az = 0.05, in order to calculate mean
subtracted galaxy density around a cluster. Since we observe a projection of 3 — D universe
onto a 2 — D sky, we do not know which galaxies are in the background or in the foreground
explicitly. By binning in redshift, background galaxies are removed when measuring density
profile. This is done by placing an absolute magnitude cut, assuming all galaxies are at the
same redshift as the cluster redshift bin. What this means is, any galaxy of absolute mag-
nitude M, is removed if it’s more that M,s — 5.01log(h), with the upper limit of apparent
magnitude 22.5 at z = 0.35 for redMaGiC catalog.

The angular correlation, w(6, z;) is calculated using above discussed Landay-Szalay estima-
tor. This is converted into w(R,z;). R is the projected co-moving distance for angular
separation #. The measurement of each z bin is combined weighted with number of clusters,

to get w(R). To finally get density profile,
Y,(R) = X,w(R) (3.10)

The 3, is average galaxy surface density, weighted by cluster number in each redshift bin.

The covariance data is calculated by taking 100 jackknife patches using TreeCorr. The area

23



of subregions is 7 x 7 square degrees, and therefore are reliable for the scales considered.

3.2 Bayesian Inference

Bayesian analysis is popular in astronomy due to several advantages over traditional methods.
It provides a complete picture of parameter uncertainty, joint parameter uncertainty, and
parameter relationships given the model, data, and prior assumptions. Bayesian probability
intervals are appealing alternatives to point estimates with confidence intervals, which rely
on the estimator’s sampling distribution. Bayesian analysis easily marginalizes over nuisance
parameters, incorporates measurement uncertainties through error models, and includes in-
complete data such as missing and censored data. Prior knowledge about parameter values
can improve the final inference by naturally including them in prior distributions. Moreover,
with advancement in computer hardware and python packages(such as emcee[7]), Bayesian
methodology has become accessible.

Let d represent the data vector, and 8 be the parameter vector. According to Bayes Theorem

P(d|6)P(6)

POld) = =50

(3.11)
In astronomy and astrophysics, we have the data and need to find parameter values of a
model that can reproduce the data. In this paradigm, P(0|d) is what is called posterior
distribution, P(@) is called prior and P(d|@) Likelihood function. P(d) is referred to as
model evidence, and is assumed to be 1, since we assume that the model we are using is
indeed the correct one. The aim is to get the posterior distribution of parameter space.
Taking natural log of we can write it

In P(6]d) = In P(d|#) + In P(6) (3.12)

Working in natural log simplifies the calculations and avoids negative values.

Priors are determined by the physical system under consideration and possible values allowed
in the model. It is necessary to take priors as flat and wide as possible, such that result is
not biased because of selection on priors.

Determining Likelihood function can be challenging depending on the problem. Most often,

it is taken to be a product of independent and identically distributed Gaussian random
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variable with known variance. This can be written as,

— —

In P(d|0) = In L[d|mi(0)] = —=[d — m(0)]"C~[d — mi(6)] (3.13)

Here 773(6) is the model evaluated for a given parameter vector.
In order to sample the posterior distribution, given priors and likelihood, Markov Chain
Monte Carlo is used. One such algorithm to do the same is discussed in next section. The

priors used here are the same as in [3].

Parameters Priors
Ps [0.1,10]g/cm?
Ty [0.1,5]h~*Mpc
T [0.1,5]h~ Mpc
log(a) log(0.19) + 0.2
log(5) log(6) £ 0.2
log(7) log(4) £0.2
Po [0.1,10]g/cm?
Se [1,10]

Table 3.1: The ranges in square brackets are uniform priors, and for the others it is a normal
distribution with mean and error.

3.3 Introduction to Emcee

The posterior distribution can be multi-dimensional,asymmetric and with multiple modes.
In order to correctly estimate the distribution, Monte Carlo sampling becomes very useful.
In Metropolis-Hastings algorithm, one random walker traverses the parameter space. Over

the years, many more sampling variations on this principle have emerged. The one used in
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this project was developed by David and ForMcKay. It has multiple walkers that parallely
explore the parameter space.

A walker is drawn at random, 6;(j # k) and it’s position is updated by
Or(t) — 6 =0, + Z[01(t) — 0] (3.14)
where Z is a random variable. The acceptance probability of the step is

q = min (1, Z‘ILQ/)> (3.15)

This process is repeated for all walkers, iterated over many steps, to approximate the poste-

rior as accurately as possible.
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Chapter 4

Results and Discussion

The first goal of the project was to build the code that can detect splashback radius around
cluster mass halos. Figurdd.1alshows the density profile and splashback radius around
redMaPPer clusters. The value is 1.27 & 0.03h " 'Mpc. This is in good agreement with
the value from [3], who used similar selection cuts on the catalog. also shows splash-
back radius of ACT clusters, which was first calculated in cite. The splashback obtained is
1.99 4 0.04h~'Mpc, again in agreement with the value previously inferred. Therefore, the
code can reliably detect splashback radius.

In figurdd.4al the brightest one percentile of the redMaGiC sample is selected. This is
to select for galaxies that are very likely cluster centres, since brightest galaxies reside in
heaviest halos. Although there is scatter in this relationship,it selects for largest halos in
the catalog. The splashback radius for these galaxies turns out to be 1.30 & 0.03h~'Mpc.
This is very close to the value of redMaPPer clusters. It’s possible that the brightest clusters
in redMaGiC are also present in the redMaPPer catalog. In order to check for this, cross
correlation between the two catalog was done, and the number of galaxies that were found to
be within 1h~'Mpc was 3%. Therefore, these are different galaxies. Since splashback radius
is correlated with mass of halos, this gives merit to the statement that brightest galaxies are
in largest halos.

In order to go down the mass range, galaxies in the lower brightness were selected.
shows the density profile as well as logarithmic slope of galaxies in second bin, followed by
fiftth and tenth bin. Each bin has 3699 number of galaxies. As can be seen, the brightest

galaxies have largest splashback radius, as well the most clearly defined dip in the slope
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profile. As we move down the order, the shallowness and the size also decrease. However,
the fifth percentile of galaxies seem to have smaller and shallower profile than that of less
bright, tenth percentile binned galaxies. This can be due the the fit not able to fully capture
the profile around halo boundary because of two halo term. For lower mass halos, their en-
vironments effect the profile much more prominently,since their potential wells are shallower
compared to clusters. Therefore, we choose different environments, based on density cuts.

In order to construct the a density map, the same procedure is followed as done in [13]. The
sky positions are converted into pixel coordinates using HEALPY package, and the number
of galaxies counted in each pixel. To get density field, this number is divided against the area
of each pixel. In order to get density contrast, the background average density is subtracted
from density of each pixel,and is normalised against average density. This is done in each
redshift bin. Fig shows the histogram of density contrast in few bins that are used. We

select for the most under dense and most dense regions, in twenty five percentile bins.

shows the density and slope profile for top two percentile brightest galaxies,
when different density environments are taken. Galaxies in the most dense environments
have the shallowest profile, and also the smallest. One possible reason for slightly smaller
radius could be the higher accretion rates. Since there is more matter in dense environments,
more of it can be accreted. Diemer and Kratsov in their work showed that higher accretion
rates lead to smaller splashback radius. The shallowness of the slope is a statement of how
fast the density profile steepens near the splashback radius. With more matter around, this
steeping becomes less prominent.
shows the profile for next brightness bin. Here the profiles are also ranked within
each density bin, to make sure similar mass halos are selected throughout. From the slope
profiles [4.6b|the least dense regions have the smallest radius, but the most deep profile. Here,
we believe the fit in most dense environments is not fitting just to DK profile, but to two halo
terms as well. There is also movement of the location of the splashback radius in different
environments. The magnitude is same, but it’s possible that because of density cuts, a bias

in the mass of halos is introduced.
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Chapter 5

Conclusion

We have looked at the density profile of clusters and galaxies and inferred the splashback
radius of these objects. The density of groups is also studied in different environments of the
universe. There still remain open questions as about how the environment affects splashback,
and the goal to study halos of lower mass further. Exactly which of effects, such as tidal
disruption, dynamical friction or star formation quenching and how much they affect the halo
profile is to be studied, by comparing data and measurements, such as done in this work,
to simulations. In dealing with redMaGic galaxies, there is very less information about the
mass of halos, and one future direction of this work is to study the matter density profile
using weak lensing analysis. It can also help in characterising mass bias. This analysis can
also be done on ACT clusters, which have their mass and Rago characterised.

In their 2014 paper, Diemer and Kravtsov, followed by others have shown that splashback
radius normalised by 7909 is a function of accretion rates. Accretion rate of halos is difficult
to obtain using direct measurement, and understanding splashback radius can help also
constrain accretion rates for different size of halos across redshift. Splashback can also be
a probe to study Self-Interacting Dark Matter Models(SIDM), since the density profiles are
sensitive to type of dark matter. Data from future surveys, like LSST and Euclid, which are
expected to observe fainter galaxies, will be helpful in measuring the density profiles of even
lower mass galaxies than groups.

Much remains in the study of Splashback radius as it is a very new avenue of characterising

halo boundary, and this work adds to the growing literature around this topic.
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