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Abstract

We characterize the relaxation state of galaxy systems by providing an assessment of the reliability of the
photometric and spectroscopic probe via the semianalytic galaxy evolution model. We quantify the correlations
between the dynamical age of simuglated galaxy groups and popular proxies of halo relaxation in observation,
which are mainly either spectroscopic or photometric. We find the photometric indicators demonstrate a stronger
correlation with the dynamical relaxation of galaxy groups compared to the spectroscopic probes. We take
advantage of the Anderson Darling statistic (A%) and the velocity segregation (AV) as our spectroscopic indicators,
and use the luminosity gap (Am,,) and the luminosity decentering (Dgsse;) s photometric ones. First, we find that
a combination of Amy, and Dsrset evaluated by a bivariant relation
(B =0.04 x Amyp — 0.11 x Log(Dogr—ser) + 0.28) shows a good correlation with the dynamical age
compared to all other indicators. Second, by using the observational X-ray surface brightness map, we show
that the bivariant relation brings about some acceptable correlations with X-ray proxies. These correlations are as
well as the correlations between A and X-ray proxies, offering a reliable yet fast and economical method of
quantifying the relaxation of galaxy systems. This study demonstrates that using photometric data to determine the
relaxation status of a group will lead to some promising results that are comparable with the more expensive
spectroscopic counterpart.

Unified Astronomy Thesaurus concepts: Galaxy clusters (584); Galactic and extragalactic astronomy (563); Galaxy

groups (597); Sloan photometry (1465); N-body simulations (1083)

1. Introduction

Observations have revealed that galaxy environments such
as groups and clusters influence the properties of the member
galaxies (Hashimoto et al. 1998; Hou et al. 2013). Nearly half
of the galaxy population inhabits in groups (Eke et al. 2005).
They depute an intermediate-mass regime in which a
significant population of both spirals and ellipticals are
observed (McGee et al. 2011). In the hierarchical structure
formation paradigm, groups are progenitors of galaxy clusters;
thus, their role in galaxies evolution is more significant than it
appears (Ellison et al. 2008; Peng et al. 2015). For example,
galaxy interaction and merger in a group environment can be
more efficient because of a lower galaxy velocity compared to
the same in a cluster environment, which would influence the
morphology of galaxies (Barnes 1989), as well as their star
formation (Wilman et al. 2005). It has been shown that galaxies
in dynamically relaxed groups tend to be redder than galaxies
in unrelaxed groups (Carollo et al. 2013; Raouf et al. 2019) and
can grow, through mergers, to become giant galaxies that are
mostly found in massive galaxy clusters (Khosroshahi et al.

20006).

Dynamically relaxed groups and clusters display a sym-
metric X-ray surface brightness distribution (Parekh et al.
2015), and they often have the brightest central galaxy that is
located close to the peak of the X-ray emission, e.g., the bottom
of the potential well (Khosroshahi et al. 2004; Skibba et al.
2011). The velocity distribution of member galaxies in a
relaxed group is also expected to be Gaussian (Hou et al. 2009).
On the other hand, unrelaxed or evolving galaxy groups and
clusters are being formed and have been undergoing mergers.

Recent studies have highlighted the importance of the
dynamical state of group-size halos in the observed properties

of galaxies. For instance, active galactic nucleus activities of
luminous elliptical galaxies probed by their radio emission are
shown to be correlated with the dynamical state of the parent
halo (Khosroshahi et al. 2017). The brightest group galaxies
(BGGs) in the late-formed groups are an order of magnitude
more luminous in radio than their counterparts in early-formed
groups, which is also confirmed by numerical simulations
(Raouf et al. 2018). This follows several observational and
numerical studies suggesting that the impact of the group
environment on galaxies goes beyond simple overdensity
indicators. Therefore, the dynamical state of a galaxy group and
its relaxation state plays some role in galaxy evolution.

Fossil galaxy groups are arguably the extreme case of the
dynamical relaxation in which luminous galaxies in groups
merge to form a giant elliptical galaxy with the halo X-ray
emission remaining as the fossil record of such an internal
evolution (Ponman et al. 1994; Jones et al. 2003; Khosroshahi
et al. 2006, 2007). The N-body cosmological simulations
support this argument (D’Onghia et al. 2005; Dariush et al.
2007; Raouf et al. 2014). With the advances in the imaging
surveys, many current and future large imaging surveys will
benefit from reliable and economical methods of assigning the
age dating galaxy groups introduced by Raouf et al. (2014). In
the following studies, Lavoie et al. (2016), Horellou et al.
(2018), and Gozaliasl et al. (2019) used the luminosity gap
between two most luminous galaxies in the group, Am,, and/
or the offset between the brightest group galaxies and the
luminosity centroid, Dygse, to probe the relaxation and
dynamical age of halos.

There are several approaches for parameterizing halo
relaxation. If the X-ray data are available, the photon
asymmetry (Nurgaliev et al. 2013) or centroid shift (Bohringer
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et al. 2010) can be used as indicators. In the case of
photometric data, the indicators are generally the luminosity
gap (Jones et al. 2003) and the BGG offset (Sanderson et al.
2009). Also, some spectroscopic indicators could be used, such
as velocity segregation (Lares et al. 2004; Nascimento et al.
2019; Raouf et al. 2019) and the Anderson Darling (AD) test
that is based on the Gaussianity of the velocity distribution
(Hou et al. 2009) of group galaxies. It is worth mentioning that
since X-ray observations are both more expensive and less
available than spectroscopic or photometric observations, some
suggest that it would be better to use the AD test instead of
X-ray probes (Roberts et al. 2018). They come to this
conclusion by investigating the correlation between X-ray
indicators and the AD test and showing that these quantities
correlate strongly.

In this study, we investigate the reliability of photometric,
spectroscopic, and X-ray proxies to determine the dynamical
state of galaxy groups. In the era of large surveys, a reliable and
yet economical method of characterizing the halo dynamical
state would be of great advantage for statistical studies aimed at
understanding the role of environment on galaxy properties.
Motivated by our previous studies employing the luminosity
gap and the BGG offset, we introduce a bivariant correlation
that is a combination of Am, and D . tO test whether we can
overcome the superiority of the AD test, A%, which is explored
by Hou et al. (2009, 2013). In our study, we use galaxies drawn
from the semianalytic models of Raouf et al. (2017), based on
the Millennium Simulation (Springel et al. 2005), the so-called
Radio—Semi-Analytic Galaxy Evolution (SAGE). The advan-
tage of simulated data is that through the semianalytic models
we can reliably obtain the mass assembly history of a dark
matter halo. We also apply our finding on observed galaxy
groups of the Yang catalog (Yang et al. 2005, 2007) to
compare the predictions of the simulations with the observa-

tions. Throughout this paper, we adopt
Hy= 100h kms~'Mpc~' for the Hubble constant
with h = 0.73.

2. Data and Mock Catalog
2.1. Simulated Data

In this study we use the public release of the Millennium
Simulation with a ACDM cosmology and the following
parameters: €2,, = 0.25, €, = 0.045, Q) = 0.75, h = 0.73,
and n = 1,04 = 0.9. The simulation box (500h~' Mpc)®
contains 2160° particles and presents the mass resolution of
8.6x10% h™' M_. The dark matter merger trees within each
simulation snapshot (64 snapshots) are expanded approxi-
mately logarithmically in time between z = 127 and z = 0 and
extracted from the simulation using a combination of friend-of-
friend (FoF; Davis et al. 1985) and SUBFIND (Springel et al.
2001) halo finders algorithm. The gas and stellar components
of galaxies in dark matter halos are constructed semianalyti-
cally, based on different phenomenological recipes. We are
using the radio semianalytic galaxy evolution (Raouf et al.
2017, Radio—-SAGE) galaxy formation model that self-
consistently follows the gas cooling—heating cycle in different
types of galaxies and is calibrated to match key observations
for various redshifts (Raouf et al. 2019). The §a1ax catalog
contains ~51,000 halos with masses above 10" hr™ M., and
~5 million galaxies from which we only select galaxies
brighter than —14 in the r-band absolute magnitude for
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completeness. Also, we have chosen systems with
Mrggg < —21.5 to remove the modest galaxies with dwarf
satellites.

2.2. Mock Redshift-Space Catalog

To take into account the basic observational limitations, a
mock catalog has been constructed from the algorithm
described in Blaizot et al. (2005) without box transformations
or replication. To do so we (i) place the observer at one of the
vertices of the simulation box and look at the galaxies in the
box through the observer lines of sight; (ii) then convert the
Cartesian coordinate system (i.e., X, Y, and Z) to celestial
coordinates (i.e., R.A, and decl.); (iii) measure the redshift of
each galaxy using the Duarte & Mamon (2015) algorithm; (iv)
estimate the luminosity distance D, of each galaxy, using their
computed redshift and comoving distance; and (v) compute the
apparent magnitude of each galaxy from D, and the absolute
magnitude. We estimate the uncertainties on the mean of our
measurements in the same way that is described in Section 4.1
of Farhang et al. (2017) . Finally, having the redshift of the
objects, we can easily calculate the line-of-sight velocity of
group members.

2.3. Observational Data

To have a fair comparison with the findings of Roberts et al.
(2018), we select the same sample and the same data that they
adopt. Therefore, we use galaxy groups/clusters with halo
masses My, > 101 provided by the Yang catalog (Yang et al.

2005, 2007), which are recognized through the FoF algorithm
(Huchra & Geller 1982; Press & Davis 1982). To compute the
clustercentric radii we use galaxies’ redshift, the angular
separation between the galaxy position and the luminosity-
weighted center of the cluster, and then we normalize it to Rsq,
which is the radii where the inner average density is 500 times
the critical density of the universe.

A subset of the Yang catalog comprising clusters with a
minimum of 10 spec-z members is chosen to ensure an accurate
classification, using the velocity profile shape (Hou et al. 2009).
To study the relation between optical and X-ray relaxation
indicators, we use a sample of 58 clusters by Roberts et al.
(2018), which are found after cross-matching the Yang catalog
with the Chandra and XMM-Newton X-ray observation
archives. Only X-ray observations with clean exposure times
>10 ks have been chosen. For the Chandra images, observa-
tions were reprocessed, cleaned, and calibrated by CIAO
version 4.9, and CALDB version 4.7.5. Also, LC —-CLEAN
with a 3o threshold is used to filter background flares. In
addition, charge transfer inefficiency and time-dependent gain
corrections are taken into account. Images are created in the 0.5
—5keV energy band. By using the WAVDETECT script, point
sources are identified and then filled with local Poisson noise
using DMFILTH. Blank sky background images are generated
for each observation using the BLANKSKY and BLANKSKY
IMAGE scripts. For XMM-Newton, data reduction observa-
tions are done by SAS, version 16.0.0. Calibrated event files
are generated using the EMCHAIN script, and filtered event
lists were generated using MOS-FILTER. Like the CIAO
images, exposure-corrected images are created in the 0.5
—5keV band, and point sources are identified with the
CHEESE script and thereafter filled with local Poisson noise
using the CIAO script DMFILTH. For more details on the
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X-ray data reduction, we refer the reader to Roberts et al.
(2018).

3. Mass Assembly History and Halo Relaxation Proxies
3.1. Mass Assembly History

We assign a dynamical age to each cluster by obtaining the
halo mass ratio at z ~ 0.5, 1 to z ~ 0, which we specify with
a0 = Mago(z = 0.5,1)/Mppo(z = 0). We define fast-growth
and slow-growth modes associated with aps0 and o,
respectively. Our intuition is based on the fact that there would
be less available time for halos to grow from z = 0.5 compared
to those halos growing from z = 1. According to our definition
(Dariush et al. 2007; Raouf et al. 2014), a group is dynamically
unrelaxed if it reaches less than one-third of its final mass by
7~ 1 (a1 < 0.3) and is relaxed if it reaches more than one-
half of its total present-day mass by z ~ 1 (a1 > 0.5). In our
earlier studies (Raouf et al. 2016), we showed a sample of
relaxed groups selected based on the luminosity gap and the
BGG/brightest cluster galaxy (BCG) offset from the halo
center will result in a contaminated sample with a high
dynamical age (a0 > 0.5). Nevertheless, we note that this
method for estimating the dynamical age is not unique and may
show different results when we track the halo individually (e.g.,
see trace method and scatters in Dariush et al. 2010; Gozaliasl
et al. 2014; Farhang et al. 2017).

3.2. Tracers Based on the Luminosity Distribution
3.2.1. Luminosity Gap

One of the most promising and successful halo age
indicators is the luminosity gap (Am,). It is the magnitude
difference between the first and second brightest galaxy within
half the virial radius of a group as introduced by Jones et al.
(2003) when it is larger than 2 mag for conventional definition
of the fossil galaxy groups (Ponman et al. 1994). Alternatively,
some authors prefer to use the stellar mass ratio between the
second-most-massive and most-massive galaxies in a given
group (Roberts et al. 2018). For a relaxed system, if the
luminosity gap is large, then the stellar mass ratio M,/M,
should be small, while for younger groups M,/M; has not
reduced enough and is not so small.

3.2.2. Luminosity Decentering

The BGG is expected to be located at the center of the
group’s halos if the group is dynamically relaxed (Ponman
et al. 1994; Smith 2005). We are using optical luminosity
decentering, Do, @S a tracer of the dynamical age of the
galaxy groups. Merging systems are unrelaxed and have their
BGG displaced from the center of the group halo. To find the
position of the halo center, alternatively, one can use the X-ray
peak and the mass centroid from the gravitational lensing
observations (Oguri et al. 2010; Dietrich et al. 2012; Gozaliasl
et al. 2019). Given that the lensing mass map and the X-ray
emission peaks are not directly accessible through cosmologi-
cal simulations, we rely on the luminosity-weighted centroid of
galaxy groups that is also economically available in the optical
observations.

We calculate luminosity-weighted/centroid by using
X; = ¥X;L;/L;, where L; is the r-band luminosity of the ith
galaxy in a group and X; is the projected coordinate of each
galaxy.
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3.2.3. Bivariant Correlation (B)

In order to come up with a more appropriate photometric
probe, we combine Am, and D, into a linear bivariant
correlation (B) as

B =C x Amy + D x Log(Dogr—set) + E. D

This bivariant correlation is basically a mixture of both centroid
shift and luminosity gap. By studying the relation of B with
oo and minimizing the scatter between these two quantities,
we can determine the constant coefficients (C, D, and E) of the
above relation. Specifically, these constants can be found via
the least-squares method, after which we calculate the
correlation coefficient between «, o and B.

3.3. Dynamical Tracers
3.3.1. Anderson Darling Test

Some studies (Yahil & Vidal 1977; Ribeiro et al. 2013) show
that the line-of-sight velocity distribution of member galaxies
within a relaxed group/cluster is almost normal; however, the
unrelaxed groups display a larger deviation from the normal
velocity distribution. We can measure the deviation of the
velocity distribution from normality by using Kolmogorov, x2,
or Anderson Darling (AD) tests. Since the AD test has been
shown to be more powerful and reliable than other tests in
detecting departures from an underlying Gaussian distribution
(see Hou et al. 2009 for details and uncertainties), we employ
this test to measure how much a velocity distribution of
member galaxies deviates from a normal distribution.

The AD test relies on calculating the distance between the
cumulative distribution functions (CDFs) of a specific
distribution and an ideal normal distribution. This distance
can be measured in terms of A” according to the following
relation:

£ = —n - LS Nmee) +In(1 - S0, ),
ni=1
@)

where x; < x < x; + 1 and ®(x;) is the CDF of the hypothetical
underlying distribution. Large values of this statistic (A%
correspond to larger deviations from normality. In the case of a
Gaussian distribution, which is what we are considering here,
we have

1 Xi — |
Q) =~ |1 + erf( )| 3)
(v eress
By calculating A? for a distribution with an arbitrary
significance and comparing it with critical values we can
conclude if a distribution is normal or not (Stephens 1974).

3.3.2. Velocity Segregation (AV)

Another spectroscopic indicator that is helpful in determin-
ing the relaxation state of the galaxy groups is the velocity
segregation. We calculate the velocity segregation between the
BGG and the ith spectroscopic member galaxy within half the
virial radius, using the following relation:

n—1 ’

AV = “
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where n is the number of galaxies in a group, Vpsgs and V; are
the line-of-sight velocities of the BGG and ith galaxy,
respectively. Motivated from the velocity profile of groups
and clusters, AV should be smaller for relaxed systems; in
contrast, it should be large for dynamically unrelaxed ones (see
Figure 11 of Raouf et al. 2019).

3.4. Intracluster Medium Tracers

3.4.1. Photon Asymmetry (Appor)

Photon asymmetry is one of the best model-independent and
most robust techniques to measure the asymmetry of the X-ray
profiles (Nurgaliev et al. 2013). This novel method quantifies
the degree of axisymmetry of X-ray photon distributions
around the X-ray peak; in other words, it demonstrates how
uniform photons are placed in a 27 radian range within an
annulus encompassing the cluster center. For a detailed
explanation regarding the photon asymmetry we refer the
reader to Nurgaliev et al. (2013). We take advantage of the
photon asymmetry calculated by Roberts et al. (2018) using the
following equation:

S Cidy. .

Ao = 100—=L7 25 5)
p Elvann C
j=1%j

where Ny, is the total number of annuli, C; is number of cluster

counts above background within jth annulus, and dy, ¢, is an

estimated distance between the true photon distribution and the
uniform distribution, given as follows:

A N 1
dyc = E(UN - E) (6)
where N is the total number of counts within each annulus, and
C is the number of counts intrinsic to the cluster. In addition,
U% is Watson’s statistic (Watson 1961), which can be achieved
by minimizing the following equation:

1 N 1( 2i + 1

Up(dp)=——+ %
(o) 128 2o\ 2N

2
- F (@)) - N
11 :
x|= — =2NF ) 7
( 5 T N0 (@) (7
here ¢, is the observed count polar angle, ¢, is the origin polar
angle on the circle, and F is the uniform CDF.

U () ®)

Ui = min
origin on circle, ¢,

Adapting a similar approach as discussed in Nurgaliev et al.
(2013), dy ¢ is calculated in four radial annuli, which in this
study they range between 0.05Rsqo and 0.5R50q

3.4.2. The Centroid Shift (w)

Another popular X-ray relaxation indicator is the centroid
shift, w. It measures the shift of the X-ray surface brightness
centroid in different radial apertures. While the intracluster
medium center of mass of a system in dynamical equilibrium
should scale independently, an unrelaxed system has a scale-
dependent center of mass (Mohr et al. 1993). Therefore, by
taking advantage of w, the relaxation status of a cluster could
be determined. Centroid shift can be calculated based on the
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following relation (Bohringer et al. 2010):

1
Roax

1 1/2
w = —2,‘ A[ — (A 2] X 9

[ S = (A)) ©
In the above equation, A; is the offset between the X-ray peak
and the centroid position within the ith aperture, N is the
number of apertures, and R, is the radius of the largest
aperture. X-ray peak is selected to be the position of the
brightest pixel, and centroids are specified from the moments of
the exposure-corrected X-ray images. Nine apertures are
chosen in the range of 0.1Rs50 to 0.5R50 with a 0.05R5qq step
size.

4. Results
4.1. Relation between oy and Different Relaxation Proxies

To compare different relaxation probes, introduced in
Section 3, and investigate their pros and cons, we follow two
steps. First, we fit a power law to the pairs of introduced
proxies and oo (for z =1, 0.5), which provides us fitting
parameters. Second, by evaluating Spearman’s rank correlation
coefficient, we quantify the degree of correlation between each
pair. In the following subsections, we study the correlation
between different relaxation probes and ¢, in more detail.

4.1.1. Correlation between o,y and Photometric Probes

In Figure 1, we show the photometric indicators versus «, .
The x-axis of all left panels is based on o o; however, the right
panels’ x-axes are based on o s0. Both the best-fit line with
30 confidence interval and the median of AM 5, Dygteer, and B
are demonstrated in each panel (from bottom to top). We have
taken advantage of the bootstrap method with 10,000 random
samplings with replacements to calculate these confidence
intervals. Additionally, not only do all plots comprise scattered
data, but also they involve the first (0.25) and third (0.75)
quartiles (Q; and Q3), shown by the shaded regions.

In the bottom panel, we show the correlations between AM |,
and o o, which we have quantified by means of the Spearman’s
correlation coefficient. Through the relation with o, the
correlation is positive with r, = 0.357008 and a = 0.71703),
in which r refers to Spearman’s correlation coefficient and « is
the slope of the best-fit line. Following a similar approach for
0050, We end up getting ry = 0.3675:98. Comparing the
Pearson’s coefficient of the AM, — apsp and AM, — aq9
relations, we observe no significant difference between the
Pearson’s correlation coefficient of fast and slow growth;
however, their slope and intercept differ slightly.

A test was run to investigate the range of growth histories
that correspond to AM,. As can be seen from the bottom left
panel, the values of AM;, at a9 = 0.3 and a9 = 0.5 are
AM, = 0.83 and AM;, = 1.2, respectively. We consider
those halos with AM;, < 0.83 as unrelaxed and those with
AM, > 1.2 as relaxed. We find that 47% of relaxed halos are
early formed (a;0>0.5) and 13% are late formed
(a1,0 < 0.3). On the other hand, 17% of unrelaxed halos are
early formed and 33% are late formed. In light of this, there is a
correlation between «, o and Amj, from which, in particular, a
large number of of early-formed and late-formed halos could be
correctly labeled as relaxed and unrelaxed, respectively.

Moving on the second photometric proxy, we show a
distribution of Dygpser versus oo in the middle panel of
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Figure 1. Correlation between photometric indicators (AM|,, Doggeer, B) and
the halo mass ratio at different redshifts (o, sp). The Spearman’s
correlation coefficient r; and slope are reported in each panel. Two vertical
lines indicate the dynamically relaxed (oo > 0.5) and unrelaxed groups
(a0 < 0.3) (Raouf et al. 2014). The area between dashed lines is showing a
30 confidence interval of our fits. The first and third quartiles (Q; and Q) are
illustrated in the shaded regions.

Figure 1. By studying the correlation between o g and Dgpser,
we find that the two quantities are anticorrelated with
ry = —0.35"00 and a = — 0.897032. Applying the same
approach for agso brings about ry= —0.35700%2.  After
comparing the Pearson’s coefficient of the Dogser — v0.5,0 and
Dygrser — ov1 o relations, we report no significant difference
between the correlation coefficient of fast and slow growth,
while their slope and intercept differ slightly.

Similar to the above investigation for luminosity gap, here
we investigate the range of growth histories that correspond to
D stser- As can be seen in the middle left panel of Figure 1, the
values of Dgger at o30=03 and oa;0=05 are
Dysiser = 2.17kpc and  Dygre; = 1.97 kpe, respectively. We
consider those halos with D > 2.17 kpc as unrelaxed and
those with Dgrer < 1.97 kpe as relaxed. As a result, we see
that 48% of relaxed halos have early formed and 11% are late
formed. On the other hand, 22% of unrelaxed halos are early
formed and 31% are late formed. In summary, there is an
anticorrelation between oo and Dy from which a large
number of early-formed and late-formed halos could be
correctly labeled as relaxed and unrelaxed, respectively.

Finally, in the top panels of Figure 1, after calculating the
bivariant correlation for the underlying groups, we plot it as a
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Table 1
Correlation between log(a o) and Different Relaxation Proxies
Proxy Slope Intercept Ty p-value
log(A%) —0.30%53} —0.431553 —0.1245:89 0.01
log(AV) —0.415558 235032 —0.4315:%8 0.0

log (Dottset) -0.8949% L7657 —0.35%0.08 0.0
log(B ) 0.16579:%4 —0.370% 0.4773% 0.0
log(Amy,) 071493} 0281098 0357908 0.0

Note A% and AV are spectroscopic indicators, while Dogreer, B, and Amy, are
photometric indicators. 30 confidence intervals are calculated by the bootstrap
method.

Table 2
Correlation between log(agsp) and Different Relaxation Proxies

Proxy Slope Intercept Ty p-value
log(A?) —0.34+9%¢ —0.431995 —0.10+9%9 0.02
log(AV) —0.50+919 23790 —0.42+098 0.0

10g (Dofrser) —1L17533 1.857303 —0.3500 0.0
log(B ) 0.2075:94 —0.331001 0.471908 0.0
log(Amy,) 0.95103% 0251003 0367008 0.0

Note. A% and AV are spectroscopic indicators, while Do, B, and Am, are
photometric indicators. 30 confidence intervals are calculated by the bootstrap
method.

function of «a,o. We recognize that the correlation between B
and «,o is significantly stronger than when we use the
luminosity gap or decentering separately. The value of the
Spearman’s correlation coefficient, ry, for the B — o relation
is 0.4710.05, and for B — aqs, turns out to be 0.471008. In
addition, the best values for C, D, and E are found to be
0.04, —0.11, and 0.28, respectively.

Same as the previous test, here we measure the range of
growth histories that correspond to B. As can be seen from the
top left panel of Figure 1, the values of B at o 9 = 0.3 and
a10=05 are B=0.41 and B = 0.45, respectively. We
consider those halos with B < 0.41 as unrelaxed and those
with B > 0.45 as relaxed. Therefore, we find that 54% of
relaxed halos are early formed and 10% are late formed. Also,
16% of unrelaxed halos are early formed and 36% are late
formed. As a result, a large number of early-formed and late-
formed halos could be correctly labeled as relaxed and
unrelaxed, respectively.

In summary, we show that the bivariant correlation, which is
estimated by a combination of photometric indicators, is better
than the luminosity gap or decentering with a factor of 1.3. In
addition, our analysis and results are independent of the
dynamical age definition (o ¢ or oy s5,0) as reported in Tables 1
and 2.

4.1.2. Correlation between o, and Spectroscopic Probes

In Figure 2, we show the distribution of spectroscopic
indicators as a function of «; . Similar to Figure 1, the x-axis
of all left panels are «; o and the right panels’ x-axes are oy s o.
The solid straight line is the best-fit line with a 30 confidence
interval, and the blue curves are the median of A% and AV. All
panels comprise both scattered data and also the first (0.25) and
third (0.75) quartiles (Q; and Q3), shown in the shaded regions.

In the top panels of Figure 2, we show the distribution of A*
versus oo using our own mock catalog explained in
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Figure 2. Correlation between spectroscopic indicators (4%, AV) and the halo
mass ratio at different redshifts (a0, apso). The Spearman’s correlation
coefficient r; and slope are reported in each panel. Two vertical lines indicate
the dynamically relaxed (a; o > 0.5) and unrelaxed groups (a; ¢ < 0.3) (Raouf
et al. 2014). The area between the dashed lines is showing a 30 confidence
interval of our fits. The first and third quartiles (Q; and Q3) are illustrated in the
shaded regions.

Section 2.2. The Spearman’s correlation coefficient for

A% — aygis 1y = — 0.1278:09, and it is more or less similar
to the correlation with agso with ry = —O0. 10*8 83 We see

from top left panel of Figure 2 that values of A” at o 0=03
and a; 9 = 0.5 are 0.53 and 0.46, respectively. We consider
those halos W1th A% > 0.53 as unrelaxed/nonvirialized and
those with A% < 0.46 as relaxed/virialized systems. Based on
our calculations, 39% of virialized halos are early formed and
15% are late formed. Also, 33% of nonvirialized halos are early
formed and 23% of them are late formed. Moreover, although
our results suggest that there is an anticorrelation between a,
and A%, this anticorrelation is so weak that it cannot properly
determme the relaxation status of galaxy systems, and using A*
cannot bring about promising results in determining whether
halos are relaxed or unrelaxed in our simulation study.

In the bottom panel of Figure 2 we show the distribution of
velocity segregation as a function of a, to see the correlation
between these two quantities. We demonstrate that the velocity

segregation is linked to the oy with ry = —0.4373%8 and
a = —0.417998. The Pearson correlation coefficient for oy 50

turned out to be r, = —0.4273%% in a similar way. In the
bottom panel of Figure 2 we reveal that the velocity segregation
of the dynamically relaxed groups is smaller than the velocity
segregation of unrelaxed groups, confirming the observational
study of Raouf et al. (2019).

Finally, like the former arguments, we measure the range of
growth histories that correspond to the velocity segregation
here. From the bottom left panel, the values of AV at
a0=03 and ;=05 are AV =253kms™! and
AV = 208 krI}s*', respectively. Like before, we consider those
halos with AV > 253 kms™! as unrelaxed and those with
AV < 208 kms~! as relaxed. Consequently, 47% of relaxed
halos turn out to be early formed and 10% are late formed. On
the other hand, 19% of unrelaxed halos tend to be early formed
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Table 3
Correlation between Different Relaxation Proxies and log(a )

Proxy Slope Intercept Ty p-value
log(A%) —0.08%5%3 —0.415583 —0.1245% 0.01
log(AV) —0.5045-13 0.801933 —0.3970:97 0.0

10g (Doftser) —0.1273.8% —0.175304 —0.35008 0.0
log(B ) 0.9593 —0.0713% 0.47+5:98 0.0
log(Amy,) 0.1349:93 o3 —0.39159% 0357908 0.0

Note. Unlike Table 1, here we consider log(«, o) as a dependent variable and
various proxies as independent variables.

and 39% late formed. So, by using the velocity segregation, a
large number of early-formed and late-formed halos could be
correctly labeled as relaxed and unrelaxed, respectively.

In summary, when it comes to considering simulated data,
we see that AV provides a strong correlation with a,q
compared to A%. Moreover, we do not detect any dramatic
distinction between using o ¢ or oy 5,0. For a better comparison
between various age indicators discussed in this section, and
more details of fitting parameters and correlation coefficients,
we refer the reader to Tables 1 and 2. As can be seen from the
right panels of Figures 1 and 2, the majority of data is
distributed in the region where agso > 0.6; as a result, the
slope of the best-fit line might be affected by the minority halos
located at o 5,0 < 0.3. This is not the case for the left panels as
the data are more uniformly distributed in these plots, which
are based on o .

It is worth mentioning that in all the above subsections, our
null hypothesis is that there is no correlation between two
variables, Hy : r, = 0, and our alternative hypothesis is the
other way around (i.e., H; : ry = 0). Since the p-value for all
cases is less than 0.05, we reject the null hypothesis with a
significance level of 0.05. Additionally, as we are investigating
the strength of the correlation, which is quantified by means of
ry, it does not differ to consider the above relaxation probes as a
function of age or the other way around. In other words, even if
we consider age as a function of the relaxation probes, there
will not be any difference in our results since r; does not
depend on the definition of the dependent and independent
variable; however, the slope and intercept clearly change (see
Table 3). The reported coefficients in Table 3 can be used to
predict the age of a halo by means of the observable quantities.

4.2. Relation between X-Ray and Optical Indicators

We continue our analysis by examining the relationship
between the X-ray and the optical indicators. Moving on to the
photometric branch, we calculate AM |5, Dy, and B within
the half virial radius for galaxy groups in the Yang catalog
(Yang et al. 2005, 2007). Also, when it comes to considering
the spectroscopic probes, we calculate A% and AV for this
galaxy systems. We also compute the correlation between these
quantities and the X-ray proxies in a similar way used in the
simulation data.

4.2.1. Correlation of the X-Ray Indicators with Photometric Ones

In Figure 3 we show the distribution of the X-ray indicators ,
which are discussed in Section 3.4, versus three different
photometric probes. The y-axis of all top panels is in terms of
the photon asymmetry, Apno; however, the bottom panel’s y-
axis is based on the centroid shift, w. The solid straight line is
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Figure 3. X-ray probes vs. photometric (AM,, Do, B) relaxation indicators. The solid line is the best-fit power-law relationship. The Spearman correlation
coefficient, ry, and the best-fit power-law slope are indicated in each panel. The shaded area is showing a 30 confidence interval of the fits.

the best-fit line with a 30 confidence interval illustrated in the
shaded region. All plots comprise observed data points with
their error bars. For the sake of a simple comparison with
results of Roberts et al. (2018), in our figures we follow a
similar plotting style.

In the top left panel of Figure 3 we show the distribution of
Aphot With measurement errors versus AM;,. As can be seen,
there is an anticorrelation with the coefficient of
ry = —0.2473%3. It means that relaxed galaxy systems, which
have smaller photon asymmetry, have larger AM;,. In other
words, this trend shows that by increasing AMi;, Appo
decreases. In the top middle panel we show Ao versus
D ¢tser» Which demonstrates a correlation with the coefficient of
ry = 0.38037. It shows that for unrelaxed systems where Appo
is large, the Dy is large.

Moving on our second X-ray indicator, in the bottom left
panel of Figure 3 we show the distribution of w with the
measurement errors as a function of AM,,. As can be seen
there is anticorrelation with a coefficient of r, = —0.257049. It
shows that relaxed groups/clusters, which have a small
centroid shift, have larger AM,. In the bottom middle panel
we show the same figure for Do, Which demonstrates a
correlation with r, = 0.38f8j§2. Therefore, we can conclude
that the more a galaxy system is relaxed, the smaller Dy and
w should be.

Finally, in the top right panel of Figure 3 we plot Ay, versus
B, defined in Section 3.2.3, which as a photometric indicator

shows the strongest correlation of Appo With 7, = 0.43f8j§§. It

shed some light on this fact that unrelaxed systems have larger
B. Also, in the bottom right panel, we show the relation
between w and B. We find that this photometric indicator
shows the strongest correlation of w with ry = 0.43f8j§§.
Consequently, it can be inferred that unrelaxed systems have
larger B.

In summary, an interesting aspect of these results is that the
bivariate correlation,
B = 0.04 x Amyp; — 0.11 X Log(Dygt—ser) + 0.28, is a pre-
diction rather than a relation. In other words, this photometric
probe of halo relaxation shows a strong correlation with the
X-ray probes with a factor of 1.8 compared to AM;, and with a
factor of 1.13 compared to Dy, SO it offers an economical
replacement to expensive and relatively rare X-ray and
spectroscopic proxies.

4.2.2. Correlation of the X-Ray Indicators with Spectroscopic Ones

In Figure 4 we illustrate the X-ray indicators versus
spectroscopic probes. The y-axis of all top panels are in terms
of Aphor; however, the bottom panels’ y-axes are based on w.
The solid straight line is the best-fit line with a 30 confidence
interval is illustrated in the shaded region. All plots comprise
observed data points with their error bars.

In the top left panel of Fi%ure 4, we plot Appy with the
measurement errors versus A”. As can be seen there is a

correlation with the coefficient of r, = 0.43703%. It is



THE ASTROPHYSICAL JOURNAL, 904:36 (10pp), 2020 November 20

1.0

rs = 0.
= +0.91 ° -
a=0.9733; e p

----- 30 region

+0.
-0.

Aphot

.31
.38 -

Zhoolideh Haghighi et al.

1.0

re = 0.31%33 +
a=0.8+}3

---- 30 region

0.05 —
rs =0.38202% ° 0
@ =0.6+35] .
---- 30 région ° P
1072
=
1073
0.2 0.5 1.0 2.0
A 2

0.05
rs = 0.3213:33 °® )
a =057
---- 3o region ) o' o
1072
103 - .
200 500 1000
AV[km/s]
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and the best-fit power-law slope are indicated in each panel. The shaded area is showing a 30 confidence interval of the fits.

consistent with our intuition that the velocity distribution of
relaxed galaxy systems is supposed to be more normal than
their unrelaxed counterparts. After that, in the top right panel
we plot Apho versus AV, which demonstrates a correlation with
the coefficient of r, = 0.31793.

In the bottom left panel of Figure 4 we show distribution of
w with the measurement errors versus A%. As can be seen the
correlation is positive with r; = 0.3879:33. In the bottom right
panel we plot w versus AV, which demonstrates a correlation
with r, = 0.327932. As a result, apparently, relaxed systems
show a small velocity segregation while unrelaxed ones show a
larger segregation.

In summary, while there is a considerable correlation
between AD test and the X-ray indicators, there is no
significant correlation between AD test and halo mass assembly
at different redshifts (see Tables 1 and 2). Furthermore,
comparing the results of this section with what we find for
simulated data in Section 4.1.2, we can infer that the velocity
segregation has a stronger correlation with the mass assembly
history at different redshifts than with X-ray indicators with a
factor of ~1.34.

Table 4
Correlation between log(Apho) and Different Relaxation Proxies

Proxy Slope Intercept Ty p-value
log(A4?) 0987091 —0.96"933 0431034 0.001
log(AV) 0.8013 —3.3423 031193 0.02
log(Doftiet) 0.688:35 —0.837833 0.388:3¢ 0.05
log (B) —5.2743 34518 —0.43%932 0.001
log(Am,») ~0.267943 —1.3704 —0.247542 0.01

Note. A% and AV are spectroscopic indicators, while Do, B, and Am, are
photometric indicators. 30 confidence intervals are calculated by the bootstrap
method.

We would like to draw the reader’s attention to the matter
where the null hypothesis is rejected with a significance level of
0.05 in all of the above correlations with X-ray indicators. This
is because the p-values of all the above cases are either equal or
less than 0.05. All fitting parameters along with correlation
parameters are provided in Tables 4 and 5.
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Table 5
Correlation between log(w) and Different Relaxation Proxies

Proxy Slope Intercept Ty p-value
log(A?) 0.601952 —1.979%3 0381933 0.02
log(AV) 053705 -3.6%37 0327932 0.05
log (Dogtset) 0.5010:4% 17933 0.3810:3 0.004
log (B) —3.74%8 3.61911 —0.4313%8 0.003
log(Amyo) ~0.191926 —2.1+913 —0.25+9%9 0.05

Note. A% and AV are spectroscopic indicators, while Dogreer, B, and Am, are
photometric indicators. 30 confidence intervals are calculated by the bootstrap
method.

5. Summary and Discussion

We use the Radio-SAGE galaxy formation model to study
optical and spectroscopic relaxation proxies in galaxy groups
and clusters. We propose a bivariant correlation between the
luminosity gap and BGG offset, built entirely on photometric
indicators, which demonstrates a strong correlation with the
dynamical age of galaxy groups. To have fair comparison with
observations, we have made a mock catalog for our simulation
catalog. In the mock catalog we compute the line-of-sight
velocity that is necessary for the calculation of velocity
segregation and AD statistics, A%. For comparison, we use a
sample of observational data to probe the reliability of the
proposed bivariate relation in identifying the dynamically
relaxed groups. Our findings can be summarized as follows:

1. We show that a combination of D and Am;, as a new
photometric indicator, bring about a strong Pearson’s
correlation coefficient with the dynamical age. After
fitting the simulated data, we find the bivariant bench-
mark as a function of the luminosity gap and decentering
(B = 0.04 x Amyp — 0.11 x Log(Dogr—ser) + 0.28).
This relation demonstrates a stronger correlation with o
compared to just using the luminosity gap or centroid
shift individually.

2. From simulations, we show that the bivariant benchmark
is more desirable than the AD test. This is because the
correlation between mass assembly and bivariant correla-
tion is much stronger than the correlation between the AD
test and mass assembly by a factor of ~3.6. We also
show that by considering those halos with B < 0.41 as
unrelaxed and those with B > 0.45 as relaxed, 54% of
relaxed halos are early formed and 10% late formed.
Also, 16% of unrelaxed halos are early formed and 36%
are late formed.

3. From our fittings, we see that using either o or apso
leads to slightly different slopes and intercepts. However,
we observe no significant difference in the Pearson’s
correlation coefficients of these two cases. Therefore, we
show that considering fast or slow growth does not have
any impact on our analysis. Also, as the slopes of the
best-fit lines associated with a5 are steeper than their
counterpart, it can be inferred that they are more sensitive
to the changes of the halo mass assembly.

4. Using the observational data we show that a combination
of Dysieec and Amy,, which we define as the bivariant
correlation, considerably improves the strength of the
correlation coefficient between this indicator and the
X-ray proxies like photon asymmetry and centroid shift.
Compared to using the luminosity gap or decentering
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individually, this new probe leads to stronger
correlations.

5. From observations, through the velocity segregation,
there is a stronger correlation between bivariant bench-
mark and X-ray proxies. Also, when it comes to
considering the correlation between AD statistics and
X-ray probes, we notice that AD statistics leads to the
same value as the one between the bivariant benchmark
and photon asymmetry. However, the correlation
between the AD statistics and centroid shift is weaker
than the correlation between the bivariant benchmark and
centroid shift.

Through the analysis on simulations data, considering the
AD statistics, the velocity segregation has a stronger correlation
with the halo mass assembly. In contrast, observational data
show that AD statistics has a stronger correlation with the
X-ray indicators than the velocity segregation. Furthermore, we
show that while the AD statistics appears to be a good indicator
for halo relaxation for the observed data, it is not a highly
distinctive probe when applied to simulated data. One possible
explanation is that there is no spatial X-ray information in the
simulations to make a direct comparison with the observations.
Therefore, we rely on indirect halo relaxation indicators. The
halo age in simulations is based on the dark matter, while in the
observations it is based on the baryonic component. Another
factor that plays a role is that all the halo virialization/
relaxation indicators, photometric, spectroscopic, and X-rays,
have drawbacks due to the projection effects. However, they
are statistically useful methods for estimation of the dynamical
age. Also, as the uncertainties in the data are quite large, simply
fitting a linear line cannot describe the real variation of the data;
however, we add the linear regression to emphasize the general
trend of the data.

This study suggests that the photometric relaxation proxies
are as well as, if not better than, their spectroscopic counter-
parts. We support this claim through investigating simulated
data as well as observational data. Given the challenges of
spectroscopic observations, the photometric data will work as
well when it comes to quantifying the halo age. Consequently,
it appears to be both economical and reliable to use the
bivariant correlation B to attribute relaxation to galaxy systems.

We thank Ian Roberts for providing us with the X-ray data
used in Roberts et al. (2018). His help has undoubtedly allowed
this analysis to progress faster.
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