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Abstract

We study the relation between star formation history of galaxies falling into a
high-density cluster environment and their likely orbital histories using both observational
and simulation data. We use high-resolution spectra of 12 galaxies of the Coma Cluster
around NGC 4874 (the X-ray center of the Coma Cluster). The stellar and kinematic
properties of the galaxies are modelled using STECKMAP. We extract the probability
distribution of two orbital parameters - infall and pericenter times - of these galaxies from
N-body dark matter only simulations extending up to z = —1/2 (=~ 10 Gyr in the future).
We use sub-halo abundance matching (SHAM) based on maximum mass of sub-halos (Myax)
along their orbit to estimate the stellar masses. The probability distribution of orbital
parameters were compensated for the interloper probabilities of the satellites. Many previous
studies suggest that clusters are likely to quench the infalling satellites. By matching the
star formation histories of these satellites along their simulated orbits, we look for positions
on the orbit where star formation ceases. With this information we suggest which quenching
mechanism(s) may be responsible and/or dominant. We carry out a probability-based study
to compare the cumulative (probability) distribution of the two orbital parameters with the
star formation rates and fraction of stellar mass formed. We find that massive galaxies
(M, > 10'°Mg) are quenched even before falling into the cluster environment. This may
be due to internal quenching mechanisms or group pre-processing, although it is hard to
ascertain the individual contribution of various processes. Lower mass galaxies form stars
between infall and first pericenter passage and all the galaxies in our sample are quenched
by the time of their first pericentric passage. Ram-pressure and tidal stripping are likely to
be the dominant processes as they peak with proximity to cluster center.
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1 Introduction

Galaxies are one of the most interesting objects found in our Universe. They occupy different
positions in the cosmic web and their evolution toward their present-day appearance depends
on the environment they live in. The distribution of galaxies in the local Universe shows a
bimodality between “blue cloud” and “red sequence” galaxies (Strateva et al., 2001; Baldry
et al., 2004, 2006). Blue cloud galaxies are gas rich and star forming with late-type morphology,
while red sequence galaxies are gas poor with little or no star formation and exhibit early-type
morphology. Another category of galaxies reside in the “green valley” are found in the local
Universe between the blue cloud and the red sequence. The sparse population of the green
valley suggests that blue cloud galaxies evolve onto the red sequence through quenching of star
formation, and that evolution is rapid (Bell et al., 2004; Faber et al., 2007). Although Schawinski
et al. (2014); Salim (2014) found that only a small population of blue cloud early-type galaxies
move rapidly towards red sequence. The word “quenching” means that the star formation
rate has dropped down extremely low or it has completely halted and the galaxy has become
“quiescent”. The fraction of red galaxies (freq) depends upon the mass (Kauffmann et al., 2003)
and environment (Kauffmann et al., 2004; Baldry et al., 2006). At any given epoch the fraction of
quiescent galaxies increases with both mass and density as evident from the morphology-density
relation of Dressler (1980) and Figure 6 of Peng et al. (2010). So irrespective of the environment
the higher stellar mass galaxies are likely to be quiescent and the lower mass galaxies are still
star-forming. With increase in density the environment also becomes factor along with mass and
in high-density environment of clusters the galaxies are more likely to be quenched. It is also
evident from the detection of low atomic and/or molecular gas in cluster galaxies (Gavazzi, 1987;
Fumagalli et al., 2009; Boselli et al., 2014). A galaxy within a cluster is likely to be quiescent
as compared to its similar mass counterpart in field (Hogg et al., 2004). The environmental
dependence of quenching is also evident within a cluster, as galaxies residing near to the core
are more likely to be quiescent than those lying in the outskirts (Balogh et al., 2000; Lewis
et al., 2002; Gomez et al., 2003). The Coma cluster being the closest massive cluster acts as a
wonderful laboratory to study the environmental effects on the evolution of galaxies.

1.1 Satellite quenching mechanisms

The galaxies are found in various sizes and morphologies, they are formed in dark matter halos
and evolve by accretion of gas and mergers with other galaxies. There exists an intricate balance
between the outflow of gas like supernova winds and inflow from the surroundings to sustain
star formation. The study of gas removal mechanisms that lead to quenching is very crucial
link in the tale of the galaxy formation and evolution.

The mechanisms responsible for quenching can be classified into two categories: internal and
external. The internal quenching mechanisms are more mass dependent (“mass quenching”) and
the external quenching mechanisms are environment dependent (“environment quenching”).
The contribution of internal and external quenching mechanisms is still unclear and debatable
but it is generally thought to be mass dependent. The lower stellar mass (log;q(M,/Mg) < 10)
galaxies are largely quenched by external mechanisms and operate at z1 and higher stellar mass
galaxies are more prone to undergo quenching by internal processes at higher redshift (Peng
et al., 2010).

The likely sources of these internal quenching are AGN (Croton et al., 2006), SNe (Larson,
1974) feedback, shock heating (Binney, 1977; Birnboim and Dekel, 2003), and disc instabilities
(Martig et al., 2009). Apart from these mass-related quenching, galaxies falling into a host halo
also undergo environment driven quenching once they enter the cluster environment of the host
halo and become satellites, a process called “satellite quenching”. In general clusters quench
the satellites, but even before a galaxy falls into a host halo it is likely to have quenched up to
some extent due to environmental effects in previous host halo of group/cluster, it is termed



as “pre-processing” (De Lucia et al., 2012; Wetzel et al., 2013). The fraction of pre-processed
galaxies were underestimated, but recently Han et al. (2018) found that nearly ~ 48% of cluster
members today were satellites of their previous host. This suggests that pre-processing may
have caused a large number of massive satellites to quench even before the infall into the cluster.

Some of the dominant external quenching mechanisms are starvation/strangulation (Larson
et al., 1980; Balogh et al., 2000), ram-pressure stripping (Gunn and Gott, 1972), tidal stripping
(Mayer et al., 2006), harassment (Moore et al., 1996, 1998). We discuss the quenching
mechanisms in § 1.1.1 and § 1.1.2.

1.1.1 Internal mechanisms

1. AGN: The feedback from the central AGN of massive galaxies in form of radiation, winds
and jets interacts with its inter-stellar medium and drives the gas out which can truncate
the star formation (Fabian, 2012). The AGN boosts the outflow and it is dependent on
LagN/ Lo (Cicone et al., 2014).

2. SNe: Supernova release vast amount of energy and momentum which is transferred to
the ISM, it displaces the gas outwards and slows down the star formation. An increase
in the density of supernovae within a small volume enhances the gas outflows from the
galaxy (Larson, 1974).

3. Shock heating: The gas infalling into the dark matter halos of galaxies is heated to the
virial temperature of the halo behind an expanding virial shock, and then slowly cools
down radiatively in a quasi-static equilibrium and contracts to a disk where it forms stars.
Since in the cold infalling gas the typical velocity is higher than the speed of sound, the
supersonic conditions create a shock. A stable spherical shock slowly propagates outwards
through the infalling gas and slows down the infall of gas into the disk and hence slows
down the star formation (Binney, 1977; Birnboim and Dekel, 2003).

4. Disk instability: Star formation takes place in gravitationally unstable gas disks. If
the disk becomes stable through some morphological transformation like merger into a
spheroid, the star-forming clumps of gas are no longer formed which leads to quenching
even without any removal of gas. Such “morphological quenching” (Martig et al., 2009)
can quench early-type galaxies and unlike other external mechanisms like AGN, shock
heating etc. which usually occur in massive halos, morphological quenching can also be
seen in less massive halos (1012Mg,).

1.1.2 External mechanisms

The environmental quenching forks in two different streams based on the type of interaction:
first is due to interaction between gas in the galaxy with hot gas of the intra-cluster medium
(ICM) and the other is due to gravitational interaction of galaxies with other cluster members.

1. Ram-pressure stripping: The deep gravitational potential well of the clusters results
into high orbital velocities of galaxies and heats up the gas in the ICM. As the cluster
galaxies pass through hot ICM at high orbital velocities their neutral and atomic gas
collides with ICM generating a ram-pressure (Gunn and Gott, 1972). This pressure
overcomes the gravitational potential of the galaxy and it can strip the gas away (Abadi
et al., 1999; Jachym, P. et al., 2007). The pressure is directly proportional to the density
of the cluster.

Poam = pclusterfugalaxy (]-)

2. Starvation: The cold gas within the disk of galaxies provide fuel for the star formation,
but the hot coronal gas acts as the source to replenish the fuel as it cools down. If the



cold gas is ejected out of the galaxy, star formation immediately halts, whereas, if the hot
coronal gas is removed, the star formation will be slowly halted as the refuelling supply
is shut off. The hot coronal gas of galaxies falling into a cluster halo is stripped, starving
them of fuel for further star formation (Larson et al., 1980; Balogh et al., 2000). Even
if ram-pressure is not strong enough to strip the neutral, atomic gas in the disk of the
galaxy, it can still strip the hot coronal gas in the halo of the galaxy leading to starvation
(Font et al., 2008; McCarthy et al., 2008; Bekki, 2009).

3. Harassment: This is an example of the gravitational interactions of numerous cluster
members travelling at high orbital velocities. The high-speed close encounter with a large
galaxy within the high-density cluster environment leads to outflow of gas and the process
is called as harassment. Direct mergers are extremely rare, but galaxies infalling into
cluster encounter a brighter galaxy once per Gyr (Moore et al., 1996). These encounters
involve high speed of several thousands km s~! in 50 kpc distance.

4. Tidal stripping: Even deeper gravitational potential well near cluster center can
generate strong tidal accelerations on galaxies (Mayer et al., 2006) and may result into
truncation of their dark-matter halo (Limousin et al., 2009) causing a central starburst
(Byrd and Valtonen, 2001), tidally trigerred bar instabilities (Lokas et al., 2016; Semczuk
et al., 2016).

1.2 Importance of orbits

It is difficult to reproduce the observed star formation rates through contributions of various
quenching mechanisms by applying semi-analytic models (SAM) (Wetzel et al., 2013). The
relative importance of the different environmental quenching mechanisms outlined above will in
general vary along the orbit of a satellite So by tracking the orbital histories of satellites and
comparing them with their star formation rates, we constrain the mechanism responsible for
quenching the star formation.

Mahajan et al. (2011) studied the stellar-mass and star formation of SDSS galaxies with
their clustocentric radius and velocity, also known as phase space. Many studies have been
carried out on similar lines (Hernandez-Fernandez et al., 2014; Oman et al., 2013; Oman and
Hudson, 2016)to compare the star formation processes at various positions along the orbit of
the satellite to ascertain which quenching processes might dominate during the course of its
orbit.

In this work we constrain the SFR of satellites as they fall into the Coma cluster, particularly
at the times of infall and pericenter on their orbits. We use observed high-signal-to-noise spectra
of 12 galaxies of the cluster to extract star formation rates and we estimate a probability
distribution describing the possible orbits from the N-body simulation output.

The methods used to extract the SFR and orbital histories are described in § 2. We examine
the probability distribution of the orbital parameters with the SFR and cumulative fraction of
stellar mass formed in § 3. In § 4 we authenticate the validity of our assumptions made while
extracting the SFR and orbital histories and also constrain the plausible quenching mechanisms
during their orbital history. Finally we summarize our major findings of such work and discuss
the future scope in § 5.



2 Data and Methods

In this work we use both observational data and simulations to connect the star formation
histories of Coma galaxies with their orbital histories. The observational data consists of spectra
of 12 galaxies around the core of Coma cluster centered at GMP 3329 (NGC 4874), the X-ray
centre of the Coma cluster. The spectra were obtained from the study conducted by Trager
et al. (2008) which discusses the stellar population histories of early-type galaxies (ETGs) in
the Coma cluster. We used STECKMAP (STEllar Content and Kinematics via Maximum A
Posteriori) (Ocvirk et al., 2006) to extract the stellar and kinematics properties of the galaxies,
as we discuss in § 2.1. The simulation output from the VVV (voids-in-voids-in-voids) Level-0
N-body dark matter simulation (Wang et al., 2019) up to the current epoch was extended by Dr.
Kyle Oman into the future, up to a scale factor a = 2. The orbital parameters were extracted
from the simulation following the orbit tracking pipeline as described in Oman (2020, in prep.).
It is discussed in detail in § 2.2.

2.1 Stellar populations from observations

We use spectra taken on April 7, 1997 and consist of 3 consecutive 30 minutes exposures using
the Low Resolution Imaging Spectrograph (LRIS) (Oke et al., 1995) on the Keck-II telescope.
The spectra have wavelength coverage between 3500 — 6000A with a spectral resolution of 4.4A
FWHM and high S/N values ranging between 100-300 except for GMP 3291, 3534 and 3565
which exhibit slightly lower yet satisfactory S/N values of 59, 82 and 35 respectively. The
observed galaxies were morphologically determined to be ETGs (Trager et al., 2008). All the
galaxies are marked in Figure 1 using Aladin '. Table 1 provides the general details of all the
observed galaxies.

SDSS9 color
.

Figure 1: The observed galaxies in Trager et al. (2008) are shown with their GMP names
superimposed on an SDSS image (using Aladin). The center of Coma cluster GMP 3329 (NGC
4874) is indicated with a larger cross. A scale length of 1’ is shown at bottom left

taladin.u-strasbg.fr



Table 1: Coma galaxies studied in this work

GMP RA (J2000) DEC (J2000) z Morphology logo(M,/Me)

3254 12:59:40.3 +27:58:06 0.02512 SO 9.92
3269 12:59:39.7 +27:57:14  0.02678 S0 9.98
3291 12:59:38.3 +27:59:15  0.02260 S0 9.92
3329 12:59:35.9 +27:57:33  0.02038 EO 11.43
3352 12:59:34.2 +27:56:48 0.02007 SBO 10.62
3367 12:59:32.7 +27:59:01  0.02403 SO 10.65
3414 12:59:30.0 +27:57:22  0.02253 SBO 10.73
3484 12:59:25.5 +27:58:23  0.01596 Sa 10.11
3534 12:59:21.5 +27:58:25 0.02244 S 9.67
3565 12:59:19.8 +27:58:26  0.02399 E 9.29
3639 12:59:15.2 +27:58:16  0.01931 E5 10.60
3664 12:59:13.1 +27:58:38  0.02393 El 10.82

The general properties of observed galaxies are tabulated including their position from Trager
et al. (2008). Redshifts obtained from the observed spectra. Morphologies were taken from the
following sources: GMP 3254, 3269, 3484, 3534, 3639, 3664 from Michard and Andreon (2008),
GMP 3291, 3352, 3367, 3414 from Lansbury et al. (2014), GMP 3329 from Garcia-Benito et al.
(2015), and GMP 3565 from Eisenhardt et al. (2007).

2.1.1 STECKMAP

STECKMAP takes the 1D integrated light spectrum of a galaxy as input and computes its stellar
population properties and kinematics, the star formation rate (SFR), stellar age distribution
(SAD), stellar mass and age-metallicity relation (AMR), and line of sight velocity distribution
(LOSVD). The stellar content is inferred by finding the best linear combination of spectra from
Single Stellar Population (SSP) models to the observed spectra. The weights of these model
spectra give the stellar content of the galaxy. Apart from the stellar content, STECKMAP
also determines the kinematic properties of the galaxy. The observed spectrum of a galaxy
is broadened (or smeared out) due to its kinematics, so STECKMAP computes a broadening
function which is the convolution of the Line of Sight Velocity Distribution (LOSVD) and the
instrumental Line Spread Function (LSF) of the unresolved spectral line. The LSF is already
known, and hence the broadening function determined by STECKMAP can be interpreted as
a direct tracer of the kinematic properties of the galaxy in the form of a LOSVD.

The most important input parameters required for STECKMAP are wavelength and age
range, number of age bins, and the stellar library which acts as the basis for the SSP models.
For all galaxies we have taken the age range from 0.5 to 13.6 Gyr spanning 30 bins and covering
4050 — 5500 A in wavelength. STECKMAP provides four options for stellar libraries, namely,
BCO3 (Bruzual and Charlot, 2003), MILES (Vazdekis et al., 2010; Sanchez-Blazquez et al., 2006),
PHR (Le Borgne et al., 2004) and GD05 (Gonzalez Delgado et al., 2005). BCO3 covers a large range
in age (1 x 10° —2 x 10'%yr) and wavelength (3200 — 9500 A), it also provides sufficient spectral
resolution of 3 A. PHR and GDO5 provide high spectral resolution with large range in age and
metallicity over the optical band, but we have chosen MILES (Medium resolution INT ? Library of
Empirical Spectra). MILES is an extensive empirical stellar library with flux-calibrated spectral
response consisting of 985 stars over a large range of stellar atmospheres, it covers larger spectral
range 3525-7500 A with high spectral resolution of 2.3 A (FWHM), but more importantly it is
a much more recent stellar library as compared to the others. Another reason to use MILES is
that BCO3 has poor metallicity coverage in its underlying stellar library and discrepancies in its

2Isaac Newton Telescope



wavelength calibration (Koleva et al., 2008). It is also the community standard for nearby galaxy
analysis, because the underlying stellar library is the best library in terms of flux calibration
and wavelength stability in this spectral range, and it has the most stars of any library at the
time of writing.

The stellar content outputs of STECKMAP are given as a function of age in lookback time
(Gyr). The basic quantity from which all other stellar content outputs are determined is the
SAD (Stellar Age Distribution), which represents the normalized contribution of flux in each
component to the observed spectrum. The stellar mass in each time bin is computed from the
SAD and M/L(age;, Z;) ratio as function of age and metallicity in the given bin (Eq. 2). It is
computed as the initial mass a given component has at the time of its birth because STECKMAP
does not consider any mass loss, it only accounts for the dimming of the population and not
for the recycling or decrease of the stellar mass. The stellar mass in general is given in solar
masses but the normalization is arbitrary as it comes from the fact that SAD is normalized to 1
(3;SAD; = 1), so the relative masses in adjacent bins are correct but the value does not depict
the actual stellar mass in that bin.

SAD;

M/ L(age;, Z;) 2)

mass; =

The SFR is then obtained from the stellar mass (mass;) in each bin divided by the duration
of age (At;) in each bin (the extent of age in each bin is computed between midpoints of two
adjacent bins: At; =11/ —t;_1/2):

(3)

In Equation 3 the SFR obtained is not the absolute value but is relative to adjacent bins.
Hence, the SFR needs to be calibrated as discussed in § 2.1.2. STECKMAP computes the
broadening function as a function of velocity (in km s=!). The broadening function is the
convolution of the LOSVD and instrumental LSF and as the latter is already known we can
infer the broadening function to be the representation of LOSVD. The stellar and kinematics
outputs from STECKMAP are shown for only one galaxy (GMP 3639 or NGC 4867) in Figure 2
and the spectra for all galaxies in this study are shown in Figure 3.
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Figure 2: The stellar content and kinematics outputs from STECKMAP for GMP 3639. Top-left
shows normalized stellar age distribution with age. It shows that most of the stellar population is
old. Top-right shows stellar mass distribution with age. It is in-line with stellar age distribution
plot suggesting that the massive stellar population belong to older age. Bottom-left shows SFR
with age and the SFR has declined with time. Bottom-right shows LOSVD depicted by the
broadening function corresponding to the velocities.
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Figure 3: Spectra for all Coma galaxies is shown in wavelength range of 4050 — 55004, red line
is the observed spectrum, dashed green line is fit of the model spectra, and dotted blue line
is the multiplicative polynomial to match the flux calibration of the model spectra with the
observed spectra.

2.1.2 SFR calibration

The SFR obtained from STECKMAP is relative to adjacent bins, it provides a comparative
increase or decrease in stellar mass with age bins and not the absolute SFR. Hence, we re-scale
the SFR obtained from STECKMAP by integrating the stellar mass formed in each bin to
obtain the uncalibrated stellar mass and then a correction factor is obtained by taking the ratio
of uncalibrated stellar mass of a satellite to the known stellar mass at present epoch. The stellar
masses were determined through photometric parameters provided by Prof. Dr. Scott Trager.
The B — R color of the Coma galaxies obtained from Eisenhardt et al. (2007) were used to
compute the M /L ratio using the relation described in Bell et al. (2003). The M /L obtained is
then multiplied by the observed B-band luminosity to obtain the stellar masses for the Coma
galaxies. A distance modulus of 34.94 to Coma and a solar absolute B-band magnitude of 5.51



were assumed for the calculations mentioned above.

M, (uncal) = Z SFR;At; (4)
M,
SFRCOTT = WSFRZ (5)

0.000010 | 17.5F o 3254 e
3269 ‘
150 ;ggi R
0.000008} 0332 oo 3 B
----- 3367
12.5F ..... 3414 J
- - 3534 EE
Z’ 0.000006 Z’ 10.0F 3565 o
© © N RO
< < 3639
= =gl 3664
&€ 0.000004 e 7
wn (V)]
5.0 .
0.000002 |
25} .
0.000000 | 0.0 .
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Lookback time [Gyr] Lookback time [Gyr]

Figure 4: The SFR output from STECKMAP (left) and the corrected SFR (right)

2.2 Orbital parameters from cosmological simulations

The orbital parameters were extracted from a dark-matter-only N-body simulation which
assumed a ACDM cosmology with Planck 2014 (Ade et al., 2014) parameters: mean matter
density €2,,, = 0.307, cosmological constant 2, = 0.693 and the Hubble parameter at current
epoch Hy = 66.7 km s~ 'Mpc~!. The output from VVV (voids-in-voids-in-voids) Level-0 (L0)
simulation (Wang et al., 2019) up to a scale factor @ = 1 (z = 0) were used as the basis
to further extend the simulation into the future up to the scale factor a = 2 (z = —% =
10 Gyr into the future). The L0 simulation has a cube length of 738 Mpc and a particle mass
of 1.55 x 10°Mg. The simulation is run using the GADGET43 code, a newly designed and
implemented version of the publicly available GADGET2 code (Springel, 2005). The simulation
was processed by first finding the halos using the ROCKSTAR (Behroozi et al., 2013a) halo finder
and then linking the halos into merger trees using the CONSISTENT-TREES (Behroozi et al.,
2013b) code. Although the simulation includes Mj; > 10'2My, but we only use the hosts
close to mass of Coma cluster. And the halos within 2.57,;- at z = 0 of the corresponding
hosts are designated as satellites. The primary progenitors of the satellite sample are traced
forward /backward in time relative to their position at z = 0. Now we tabulate the orbital
properties of the satellites at z = 0, namely, projected offset from cluster center (R), line-of-sight
velocity offset from cluster center (V'), host virial mass (Mpst) and satellite virial mass (Msat).
The R and V in terms of simulated system coordinates are given in Equation 6 and Equation 7.

3Thank you Dr. Sownak Bose and Dr. Adrian Jenkins for providing us the code for the simulation
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03D 03D
where r and v are the coordinate and velocity of the satellites in the simulated system
coordinates, x, y and z subscripts denote their orthogonal axes components, H is the Hubble
parameter, 7y is the virial radius to normalize R and o3p is the 3D velocity dispersion to
normalize V. We also tabulate the mass at infall (Mj,¢), maximum mass of satellites on the
orbit (Mmax), infall (tin¢) and pericenter (tperi) time for the satellites?.

The sample of satellites which fall within 2.5r,;. at z = 0 in the projected coordinates but
actually are outside 2.57,;- in 3D are termed as interlopers. The R, V, My and Mg,y are
tabulated for the interlopers separately from the satellites.

The definition of virial radius is adopted from Bryan and Norman (1998)°. The radius
enclosing a spherical volume for which the mean density is 360 times the critical density (A, =
360 at z = 0) is defined as the virial radius (ry; = rseop). The mass enclosed within virial
radius is given by the following equation:

M = %TgirpcritAc 9)
The simulation code looks for satellite halos within the host halo up to a radius of 2.5 times
the virial radius (r ~ 2.57r;).

The general definitions of the orbital properties of the satellites obtained from the simulation
are given below:

e My ost: Host virial mass
o M,i: Satellite virial mass at z =0
e R (R/ryir): Projected offset from host, normalized by the virial radius of the Coma cluster

e V (V/osp): Line-of-sight velocity offset from the host, normalized by the 3D velocity
dispersion of the Coma cluster

o M.x: Maximum mass of the satellite on the orbit

o M, : Satellite mass at infall

e 7: Current deprojected radius, scaled to the host virial radius

e nin: Distance of closest approach to final host, scaled to the host virial radius

e tine: Infall time in units of the scale factor (a) at the crossing of first infall into the final
host

® tperit Pericenter time in units of the scale factor (a) at the crossing of first pericenter
passage into the final host

e v (v/o3p): Current deprojected velocity, normalized by the 3D velocity dispersion of the
Coma cluster

4Thank you Dr. Kyle Oman, Durham University for providing the output tables from the simulation
5Many studies use r200. as the virial radius, so a general rule of thumb to convert from rseop to 7200c at z = 0
is given by:
7200 0.73 (8)
T360b
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® Unmax (Umax/03p): maximum velocity relative to final host, normalized by the 3D velocity
dispersion of the Coma cluster

Using the tables generated by following the orbit tracking pipeline as discussed above we
will extract the probable orbits of the satellites in this study from their observed properties at
the current epoch, as discussed in detail in the next section.

2.2.1 Extraction of satellite orbital parameters

Now we proceed using the simulation table provided by Dr. Kyle Oman and select possible
orbits for each observed galaxy from the distribution of simulated orbits by performing cuts on
the simulation data based on the known values of the corresponding observed properties for the
Coma, cluster galaxies.

The virial radius (7vir,Coma = 2.9 h;olMpc) and the mass of Coma cluster (Myost,Coma =
1.4 x 10" hoy' M) were obtained from Lokas and Mamon (2003). The known and computed
properties for satellites of Coma are listed in Table 2 for reference. Figure 5 shows the Coma
galaxies in projected phase space. For My, and M.y, the upper and lower limits of the cuts
were set above and below by a factor of 0.5 dex respectively from their known value. The cut
limits for the projected coordinates R and V were set to £0.05 of their observed value.

The host halo mass of the Coma cluster is already known but the halo mass of satellites
were computed from the stellar masses of the satellites using the stellar-halo mass relation given
in Equation 10 of Behroozi et al. (2010):

i, ()
logyo(Mp(My)) = logyo(M1) + Blogyg M., + N 1/2 (10)
*, *
1+ (M*,O)

where M}, (M,) is the halo mass for which the average stellar mass is M,, M is the characteristic

halo mass (logq(M1) = 12.35), M, is the characteristic stellar mass (log;o(My0) = 10.72),

and the constants are power-law coefficients for the relation (8 = 0.44, § = 0.57 and v = 1.56).
The value of R for each of the satellite is computed before performing the cuts of R from

simulation data using Equation 11:

R daA0

Tvir Tvir

(11)

where d4 is the angular diameter distance of the Coma cluster (da = 99 Mpc) and A6 is
the angular separation of the satellites from the Coma center. The angular separation is
computed using the value of Coma center (RA: 12h59m46.7s, DEC: +27d57m00s) was taken
as the midpoint of NGC 4874 and NGC 4889. Note that the R is normalized with the virial
radius of the Coma cluster to match the simulation output.

Similarly, for performing the cuts on V' the value of V for the observed satellites of the Coma
cluster satellites were computed using Equation 12:

Vv clzg — zc|

= 12
osp (14 z:)osp (12)

where c is the speed of light in km s™!, z, is the redshift of the satellite, z. is the redshift of
the Coma cluster and o3p is the 3D velocity dispersion of the Coma cluster. Here we compute
osp from o1p assuming an isotropic velocity dispersion, osp = \/§O'1D, using the value of
o1p = 1154 km s~! from Jgrgensen et al. (2018) which gives o3p = 1999 km s~!. The factors
for the upper and lower limits of the cut are the same as those used for R.

The cuts resulted in many orbits for satellites which are similar (in terms of mass and
current projected coordinates) to the observed galaxies. Based on this we make a reasonable
assumption that the selected orbits represent an approximation of the probability distribution
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of possible orbits for that satellite. The parameters are listed in Table 2 after the cuts which
will be used further in this study. Note that the 7y, and My used for extraction of possible
satellite orbits from simulation tables correspond to rvir,coma and Mhpest,Coma respectively.

Table 2: Orbital properties of Coma galaxies in this study

GMP loglo(Mh/M@) Zg AG° R/Tm'r V/UgD

3254 11.51 0.0251 0.0298 0.0125 0.6010
3269 11.54 0.0267 0.0260 0.0109 1.0944
3291 11.51 0.0226 0.0485 0.0204 0.1479
3329 14.51 0.0203 0.0407 0.0171 0.8069
3352 12.16 0.0200 0.0461 0.0193 0.8980
3367 12.21 0.0240 0.0615 0.0258 0.2783
3414 12.37 0.0225 0.0617 0.0259 0.1686
3484 11.62 0.0159 0.0813 0.0342 2.1213
3534 11.39 0.0224 0.0957 0.0402 0.1943
3565 11.22 0.0239 0.1018 0.0428 0.2660
3639 12.13 0.0193 0.1178 0.0495 1.1267
3664 12.56 0.0239 0.1266 0.0532 0.2484

The halo mass of satellites (log) in solar mass units (log;y M},), redshift values (z4), angular
separation from host center in degrees (Af), normalized projected distance from host center
(R/ryir) and normalized projected velocity (V/o3p) are tabulated

: : : 13.0
3483
2.00}
1.75} s
1.50}
)
o 1.25} 3639 ] EE
S  3R6 12.0 &
L 335 5
3329 o
0.75}
3254
* 11.5
0.50} ]
336 3562 3664
0.25+ 329; 341* 353# .
0.01 0.02 0.03 0.04 0.05 11.0
R/rvir

Figure 5: The galaxies used in this study shown in the projected phase space. The galaxies are
coloured by log;o(Msat/M@). The GMP names of the galaxies are also marked.
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2.2.2 Interlopers

The interlopers are galaxies projected into the search radius for observed galaxies due to the
selected offset in projected phase space coordinates. Some of these interlopers will fall into
the host someday, while others will move away eventually into some other host. Based on the
similar cuts performed on the interlopers and comparing the data points between satellite and
interloper candidates, the interloper fraction was obtained using Equation 13:

#Interloper
#Interloper + #Satellite

Interloper% = (13)

Table 3: Interloper fraction of Coma galaxies

GMP Names # Interloper # Satellite Interloper fraction (%)

3254 10 295 3.27
3269 7 208 3.25
3291 14 371 3.63
3329 0 2 0
3352 0 179 0
3367 4 208 1.88
3414 4 203 1.93
3484 11 257 4.10
3534 27 611 4.23
3565 29 618 4.48
3639 6 311 1.89
3664 6 267 2.19

Number of data points obtained in the probability distribution for both interlopers and satellites
along with the interloper fraction

In Table 5, the data points obtained after cuts for GMP3329 are too sparse as it is the center
of the Coma cluster. The interloper probabilities are used consistently throughout the rest of
the analysis, but that they make little difference because they are small.
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3 Results

To determine the relation between quenching of star formation in Coma galaxies to their orbital
history, we first compare the probability distribution of infall and pericenter time with the star
formation rate utilizing both the simulation and observation outputs. We have chosen GMP
3639 to illustrate the results throughout this study unless mentioned otherwise, corresponding
results for all the other galaxies are shown in the Appendices.

3.1 Observation and simulation

The SFR obtained from STECKMAP after correction is smoothed by interpolating between the
data points using the Savitzky—Golay (Savitzky and Golay, 1964) filter. We perform the filtering
because of the small number of bins in the SFR output of STECKMAP. The Savitzky—Golay
filter is a smoothing polynomial filter using the least squares method to eliminate the noise from
the 1D input signal without distortion. It is analogous to a low-pass filter with window length
and polynomial order as inputs. The best fits were obtained for a third order polynomial fit
with window length set to 9. The probability distribution for infall and pericenter time obtained
from simulation are in the units of scale factor. We first convert them to redshift and then from
redshift to time in Gyr, assuming the cosmological parameters mentioned in § 2.2.

As the infall and pericenter time of a galaxy are uncertain we use their probability
distributions (or equivalently their cumulative distribution) to estimate their values. We have
studied both the probability distribution and cumulative probability for infall and pericenter
time to look for any relation with the SFR. We compute the upper limits on probability
distribution of orbital times at its 50 percentile/median/expected value — to estimate the time
when quenching of star formation occurs.

In Figure 6, the SFR trend over lookback time is compared to the PDF of the infall and
pericenter time respectively. We can observe that the distribution is broad and has two peaks.
It suggests that either the satellite has fallen into the cluster one orbit ago based on the older
peak or has fallen during the younger peak in the current orbit. We only consider the last two
orbits because the crossing time of the Coma cluster is about 2.5 Gyr, so it’s only possible to
have two orbits in a Hubble time (i.e. 4 crossing times).

teross = & (14)
01D

We also computed the cumulative distribution of the infall and pericenter time, and
compared them with the SFR trend over lookback time. The CDF of infall time was computed
from the probability density in equal-sized lookback time bins from 0 — 14 Gyrs. For the CDF
of the pericenter time the equal-sized bins ranged from the maximum time it extends in future
(negative lookback time) to 14 Gyrs. We corrected the CDF by the interloper probability to
account for the chance the galaxy might not actually be in the cluster as per the relation given

in Equation 15:

CDFcorr = CDF(I - finterloper) (15)

The 50th percentile marker is the statistical expectation and the 16-84th percentile interval
represents the 68% (1o) confidence interval. In Figure 7, the expected value of the infall and
pericenter times for GMP 3639 are approximately 7.6 Gyr and 4.0 Gyr respectively, whereas
the expected values obtained from CDF for GMP 3639 as listed in Table 4 are 8.2 Gyr and 4.5
Gyr respectively. The offset between infall and pericenter is 3.7 Gyr. This is because the PDF
is not corrected for the interloper fraction and the expected infall and pericenter time obtained
from PDF and CDF (without the correction for interloper fraction) match each other for all
satellites within the bin size margin.
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Figure 6: The infall (top) and pericenter (bottom) time histograms of GMP 3639 are shown and
the expected value is marked as purple color vertical line. The SFR data points are plotted with
lookback time along with the filtered SFR. The star formation has slowed down significantly
after the expected infall time. Whereas the star formation is likely to be quenched by expected
pericenter time.

15



vof ' ' " GMP 3639 ' o

12
—— SFR filtered
%  CDF: Infall

Cumulative Probability - Infall Time
>
SFR [Moyr~t]

2 4 6 8 10 12 14
Lookback time [Gyrs]

Lo} GMP 3639 on 12
—— SFR filtered
% CDF: Pericenter

Cumulative Probability - Pericenter Time
>
SFR [Moyr~t]

R S

0.0F
-5.0 =25 0.0

25 5.0 7.5 10.0 125
Lookback time [Gyrs]

Figure 7: The infall (top) and pericenter (bottom) time cumulative distributions of GMP 3639
are plotted. The expected value within 68% confidence interval are shown with vertical lines.
The horizontal lines corresponds to the 50th and 16-84th percentiles for orbital parameters.
The SFR data points interpolated at same bins as that of orbital times CDF's and filtered SFR
are also plotted. The SFR declines with rise in cumulative probability of infall and pericenter
time.

The results obtained by comparing the SFR with probable (PDF/CDF) values of the infall
and pericenter time suggests a decline in star formation as the satellite crosses the infall radius
of the host and very likely it will completely quench before crossing the pericenter. However
it is difficult to see any clear trends because the probability distributions are broad and the
star formation histories are smooth. In § 3.2 we proceed to gain further more insight into the
results by comparing the cumulative assembly of the stellar mass in the galaxy with cumulative
probability of its infall and pericenter time.

3.2 Stellar mass accumulation with orbital time

To compute the stellar mass accumulation with the lookback time the SFR is linearly
interpolated to the same time bins for infall and pericenter time. Using the SFR the stellar
mass formed in each time bin is computed and then the cumulative stellar mass assembly with
lookback time is computed by integrating the stellar mass formed in each time bin. We have
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chosen GMP 3534 instead of GMP 3639 to describe the results now because GMP 3639 is a
high-mass galaxy and it has formed more than 90% of its stellar mass by infall. In Figure 8, we
note that the CDFs of the infall and pericenter time are corrected for the interloper fraction.
The CDF of the infall and pericenter times are marked at 50th, 16th and 84th percentiles
as discussed in § 3.1 and the corresponding value for the stellar mass accumulation CDF are
computed to compare and find out the amount of stellar mass the galaxy formed by the time
it has achieved the corresponding probability fraction of the infall and pericenter time. The
values are listed in Table 4 for all the satellites except GMP 3329 which is the center of the
Coma cluster.

Table 4: Expected infall and pericenter time along with the accumulated stellar mass at those
points

GMP log,y M,/Mg  tinf [Gyr] tperi [Gyr] M, [%] Qtine M, [%] Q tperi
3254 9.92 7.6772710 4011338 g0.82+148Y 9578t
3269 9.98 7724279 3.991381 95907381 99.6170:30
3291 9.92 8.227240 4631352 765511930 92.39899.
3352 10.62 7.801258 4841298 850771283 96.1313%0,
3367 10.65 8.5072 535201 g7.16+109%  96.8613 11
3414 10.73 8.07T245 5011357 617t 97.23F277,
3484 10.11 7.917333 4387257 94027507, 99.7270%
3534 9.67 7767265 3821376 753611220 91.50157%,
3565 9.29 7117308 2857307 784671430 95.19718,
3639 10.60 8.217232 4591390 86.117319%  96.5313.73,
3664 10.82 8.49721% 490732 91.9771T0.  99.591042

The expected value of the infall and pericenter time are listed with their uncertainty within
68% confidence interval. The accumulated stellar mass at the expected infall and pericenter
time and at the corresponding boundaries of the uncertainty interval are also listed.
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Figure 8: Cumulative stellar mass with infall (top) and pericenter (bottom) CDF are shown for
GMP 3534. The fraction of the stellar mass formed at the time corresponding to the expected
infall and pericenter time are marked as circles. The 68% confidence interval for infall and
pericenter are marked by left and right facing triangles and the 68% confidence interval for
fraction of stellar mass formed are marked by up and down facing triangles. Light blue and
yellow solid lines show the uncertainty in orbital time and dark blue and green lines show the
uncertainty in cumulative fraction of stellar mass formed.
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Figure 9: The normalized cumulative stellar mass of the galaxies in this study are shown at
their expected infall (circles) and pericenter time (stars). The galaxies are color coded based
on their stellar mass at the current epoch. The higher stellar mass galaxies have accumulated
a larger fraction of their final mass as compared to the lower stellar mass galaxies by the time
they reach their expected infall time around 7-8.5 Gyr. The low stellar mass galaxies are still
making stars as they move from infall to pericenter, and all the galaxies have quenched severely
by the time they reach pericenter, which is approximately 3-4 Gyr later than the infall time.

In Figure 9, we examine the stellar mass formed in the galaxies as a function of infall
and pericenter time. The stellar mass formed at the expected infall and pericenter time are
shown for the galaxies in this study. The error bars in time axis correspond to 68% confidence
interval around their expected value. The vertical error bars are derived from the fraction of
the mass formed at the times corresponding to the boundaries of the 68% confidence intervals
and expected value of the infall/pericenter time. The color of galaxy data points depict their
logarithm of stellar mass at z = 0. The observed trend between higher and lower mass galaxies
suggests that more massive galaxies have formed a larger fraction of their final stellar mass
relative to the lower mass galaxies at the expected infall time. The galaxies with higher stellar
mass (log;o(M,/Mg)10) have formed more than 85% of their stellar mass at their expected
infall time, while the lower mass galaxies have formed around 80 — 85% of their stellar mass.
The expected infall of these galaxies occurred 7.1 — 8.5 Gyr ago, whereas the expected pericenter
passage ranges between 2.8 — 5.3 Gyr ago, approximately 3 — 4 Gyr later than the expected infall
time. The low mass galaxies continue forming stars from the expected infall to the pericenter
time. All the galaxies have formed more than 90% of their stellar mass and thus, significantly
quenched by their expected pericenter time.
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The result hints at a relation between decline in star formation rate as the satellites fall
along their orbit into the high-density environment of the Coma cluster. From Figure 9 and
Table 4, we note that the lower mass galaxies are still forming stars after infall as they approach
the pericenter. Whereas the higher mass galaxies have already accumulated their stellar mass
by infall. Although the error bars are large. We will discuss the results in more detail in § 4.
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4 Discussion

We have used the stellar mass to halo mass relation from Behroozi et al. (2013) to determine the
virial mass of satellites. The relation is premised on our prime assumption that the satellites
are not tidally stripped while in orbit of the cluster. In § 4.1 we discuss the validity of our
assumption. In § 4.2 we constrain possible quenching mechanisms along the orbit of the
satellites.

4.1 Size-mass relation

In this section we will examine the size-mass relation of the Coma galaxies to establish the
validity of stellar mass to halo mass relation (Equation 10) from Behroozi et al. (2010) and
also to understand whether the quenching of star formation has led to change in the shape of
the galaxies due to tidal stripping as heavily tidally stripped galaxies may deviate from the
size-mass relation.

The stellar mass to halo mass relation in this study used sub-halo abundance matching
(SHAM) technique to assign stellar mass to corresponding sub-halos. SHAM technique is very
successful in matching observed galaxy statistics despite differing satellite and central galaxy
evolution. There are several ways in which SHAM is implemented, one particular way is through
sub-halo mass at the current epoch. But satellite sub-halos may be stripped off their mass,
so this might not be the correct way to implement SHAM. Appendix-A of Wetzel et al. (2013)
argues that M.« of a sub-halo always occurs before the infall, hence it is not altered throughout
the orbit of the satellite. In our study as well we have implemented SHAM based on M, ,x rather
than M, at z = 0.

To find out the dependence of size distribution and morphology on the stellar mass for Coma
galaxies we acquire more recent values of their size (in kpc) and shape (in terms of flattening)
to supplement the values given in Trager et al. (2008). The most recent structural parameter
survey of the Coma cluster which covers half of the galaxies under this study is in the Coma
Treasury Survey (Hoyos et al., 2011) as shown in Figure 10. We use the sizes from Trager et al.
(2008) for the galaxies not found in the Hoyos et al. (2011), namely GMP 3352, 3484, 3534,
3565, 3639, 3664. The observations for Coma treasurey survey were done between Nov 2006 and
Jan 2007 using the NASA /ESA HST/ACS® camera (2x4096x2048 pixels, 0.05” per pixel). The
angular sizes of the galaxies are converted in kpc by converting the angular size into radians
and then multiplying by distance to the Coma cluster (99 Mpc) using Equation 16. The Coma
survey gives the size of the galaxies in unit of pixels coverage, so first it is converted to angular
size in arcsec using the angular coverage per pixel of the HST/ACS camera.

size(kpc) = size(arcsec) x 4.84 x 107° x dgoma(kpc) (16)

The size-mass relation from Shen et al. (2003) was used for a better understanding of
the size-mass distribution of the Coma galaxies. The study describes the size distribution
dependence on stellar mass obtained from a large sample of 140,000 SDSS galaxies. The relation
for early-type galaxies is given in Equation 17 and the scatter is determined from Equation 18.

M a
R.(kpc) =0 (M@> (17)
(01— 02)
1+ (M /My)?

where a = 0.56, b = 2.88 x 107%, 01 = 0.47, 02 = 0.34 and My = 3.98 x 10'°Mg, (Shen et al.,
2003; Shen et al., 2007)

Olog, R. = 02 + (18)

5Hubble Space Telescope, Advanced Camera for Surveys
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DSS2°color

Figure 10: The Coma galaxies from Trager et al. (2008) are marked by pink squares on DSS2
color image (using Aladin) superimposed with galaxies (blue circles) from Hoyos et al. (2011)
survey of the Coma cluster structural parameters

Table 5: Structural properties of the galaxies under study

GMP Size (kpc) Size (kpc) o Flattening

names Trager 2008 Hoyos 2011
3254 1.66 2.79 0.447 0.388
3269 1.20 1.85 0.444 0.548
3291 5.77 4.39 0.447 0.339
3329 33.97 3.45 0.356 0.057
3352 1.44 — — —
3367 3.95 4.43 0.401 0.222
3414 3.99 3.62 0.395 0.311
3484 1.48 — — —
3534 2.09 - - —
3565 1.91 — — —
3639 1.48 - - —
3664 3.72 — — —

The effective radius of satellites used in this study are listed from Trager et al. (2008) and Hoyos
et al. (2011). The sizes of satellites not found in Hoyos et al. (2011) are left blank. The scatter
(0) is computed from Shen et al. (2003) size-mass relation. The values of flattening depicts the
shape of the satellites and it is obtained from Hoyos et al. (2011).

The size distribution of the galaxies are plotted against their stellar masses and the scatter
with respect to the Shen et al. (2003). The galaxies from Hoyos et al. (2011) also contain shape
information in terms of flattening which is shown as color coded points in Figure 11. Most
of the galaxies follow the size-mass relation within the scatter limit except GMP 3565, 3534,
3291 which are lower mass galaxies and GMP 3329 which is the center of the Coma cluster.
Figure 11 shows that the galaxies are not too small for their stellar mass. Although we can not
conclusively prove that they have been not been heavily stripped but the evidence of stripping is
also not conclusive as the galaxies are not round morphologically. The satellite halos which have
been tidally stripped become substantially round (Barber et al., 2014) and we do not observe
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this conclusively for galaxies used in this study. Hence, we can say that our assumption is not
obviously wrong. Overall the study of size-mass relation suggests that these galaxies may not
have undergone any size or morphological change even after quenching of star formation after
falling into the high-density environment of the Coma cluster.
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Figure 11: Distribution of Coma galaxies from Trager et al. (2008) (stars) and Hoyos et al.
(2011) (circles) are shown. The sizes and stellar masses are in log scale. The scatter in size is as
per the Shen et al. (2003) size-mass relation and shown as vertical error bars. The galaxies from
Hoyos et al. (2011) are color coded based on their flattening. The pink line infers the size-mass
relation. The galaxies lie around the size-mass relation within sufficient scatter which means
that the stellar mass to halo mass relation used in this study is valid. The galaxies have not
undergone stripping of stars leading to a reduced size after their star formation has quenched.
The low mass galaxies GMP 3565, 3534, 3291 and massive galaxy GMP 3329 deviate from the
relation by 20.

4.2 Quenching of satellites

From our main result shown in Figure 7 we discuss possible quenching processes along the orbit
of the satellites.

Hierarchical clustering suggests that groups are more abundant near massive cluster, so it is
likely that the massive galaxies in our study were quenched way before falling into the cluster
due to pre-processing. Other mass quenching mechanisms like virial shock heating, AGN and
SNe feedback may also have contributed, but we cannot distinguish with high certainty.

For low-mass galaxies the probable quenching mechanism could be ram-pressure or tidal
stripping given that they are strong near the cluster center. They are more likely to be the
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dominant process than starvation which is not as rapid process near cluster center. Jaffé et al.
(2015) further suports ram-pressure scenario. They used phase space to study ram-pressure
stripping using a cosmological simulation of cluster with semi-analytic model to show gas
stripping.
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5 Conclusions

In § 5.1 we summarise the important points from each section in this study. We list the future
scope of extending this work in § 5.2 to make it more substantial and inclusive.

5.1 Summary

First we introduced the central idea of this study in § 1 by mentioning the distribution of galaxies
in our local Universe based on their color, star formation rate, and morphology. The blue cloud
galaxies are star-forming and exhibit late-type morphology. The red sequence galaxies are
quiescent and show early-type morphology. freq and fple at any given epoch are mass and
density dependent. froq is higher for a distribution of massive galaxies in dense environment
like groups/clusters and fiye is higher for a distribution of lower-mass galaxies in low-density
environment like field. In clusters the galaxies are more likely to be quenched through internal
(mass dependent) and external (environment dependent) quenching mechanisms. We also
discussed the important quenching mechanisms.

In § 2 we described our data and methods to extract the useful parameters from the data.
We used high-resolution spectra of 12 Coma cluster galaxies obtained from Trager et al. (2008)
and extracted the star formation rate using STECKMAP. The SFR output from STECKMAP
is not the actual SFR value but relative to adjacent bins. So SFR was calibrated to use it in
this study. The orbital parameters of infall and pericenter time were extracted from N-body
dark-matter-only simulation output extended further into the future up to a = 2.

In § 3 we show our results from this study. We first used the stellar properties and orbital
histories of these galaxies to map the quenching of star formation along their orbits while falling
into the cluster. First the probability distribution of infall and pericenter time were compared
to the SFR. It was observed that the probability distribution was broad and contained two
distinct peaks suggesting that the galaxies have fallen in one orbit ago or they are falling in
now. The cumulative distribution was also computed and it was corrected for the interloper
fraction. The expected values of the infall and pericenter time were estimated from the CDF
with 1o confidence interval. The SFR declined gradually as the satellites fall into the cluster.
However the probability distribution does not give any quantitative estimate of quenching. So
we computed the fraction of stellar mass formed at expected infall and pericenter time and also
at the boundaries of 1o confidence intervals of the infall and pericenter time. The values are
listed in Table 4. All the relevant findings in this study are shown in Figure 9.

In § 4.1 we validated our assumption that the abundance matching holds true and the
satellites have not been tidally stripped. We used the stellar mass to halo mass relation from
Behroozi et al. (2010) to compute the halo mass of the satellites based on the same assumption.
From Figure fig. 11 we established that the galaxies are not too small for their respective stellar
mass which suggests that they have not been tidally stripped while passing through the orbit.
Also the flattening values obtained from Hoyos et al. (2011) suggest that the galaxies are not
too round in shape which further suggests that the galaxies are very likely to be not tidally
stripped.

In Figure 9, the higher stellar mass galaxies have formed more than 90% of their stellar
mass fraction by the expected infall. The lower stellar mass galaxies are still forming stars
between infall and pericenter passage as they encounter cessation of star formation only after
they fall into the cluster. By the expected pericenter time all the galaxies have quenched. Our
results suggest that galaxies have undergone rapid quenching around the first pericenter. They
differ from the delayed-then-rapid quenching scenario as suggested by Wetzel et al. (2013). In
this study we observe that the galaxies form stars from infall to pericenter unlike Wetzel et al.
(2013) which suggests unevolved SFR for 2-4 Gyr after infall and then rapidly quenches.
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5.2 Future Prospects

We can further enhance our results with respect to the quenching mechanisms if we use
high-resolution hydrodynamical simulations instead of dark-matter only simulations as it will
cater to the gas dynamics within the galaxies and unveil various scenarios for gas stripping.

With the advent of modern high-resolution multi-object spectrograph like WEAVE we will
be able to precisely obtain the spectra of galaxies in clusters extending up to several virial radii.
Once fully operational, WEAVET can take the optical spectra of roughly 1000 objects in a wide
field of over 2 degrees. It will be installed on 4.2m William Herschel Telescope (WHT), La
Palma. The large sample of satellites will help us obtain more conclusive results with added
precision.

"http://www.ing.iac.es/Astronomy/telescopes/wht /weavepars.html
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A STECKMAP Results
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B Infall and Pericenter PDF vs. SFR Results
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C Infall and Pericenter CDF vs. SFR Results
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