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Abstract

The merger timescales of isolated low-mass pairs (10° < M, < 5 x 10° M) on cosmologically motivated orbits have
not yet been studied in detail, though isolated high-mass pairs (5 x 10° <M, < 10'"" M.) have been studied
extensively. It is common to apply the same separation criteria and expected merger timescales of high-mass pairs to
low-mass systems, however, it is unclear if their merger timescales are similar, or if they evolve similarly with
redshift. We use the Illustris TNG100 simulation to quantify the merger timescales of isolated low-mass and high-
mass major pairs as a function of cosmic time, and explore how different selection criteria impact the mass and
redshift dependence of merger timescales. In particular, we present a physically motivated framework for selecting
pairs via a scaled separation criterion, wherein pair separations are scaled by the virial radius of the primary’s Friends-
of-Friends (FoF) group halo (rep <1 Ryi). Applying these scaled separation criteria yields equivalent merger
timescales for both mass scales at all redshifts. Alternatively, static physical separation selections applied equivalently
to all galaxy pairs at all redshifts lead to a difference in merger rate of up to ~1 Gyr between low- and high-mass
pairs, particularly for rep < 150 kpc. As a result, applying the same merger timescales to physical-separation-selected
pairs will lead to a bias that systematically overpredicts low-mass galaxy merger rates.

Unified Astronomy Thesaurus concepts: Galaxy evolution (594); Galaxy pairs (610); Galaxy interactions (600);

Galaxy mergers (608); Galaxy dynamics (591); Field galaxies (533); Galaxies (573)

1. Introduction

Galaxy merger rates provide an important pathway for tests
of hierarchical assembly from Lambda cold dark matter
(ACDM) theory, and are critical for understanding the
formation and evolution of galaxies across time (e.g.,
K. R. Stewart et al. 2009; P. F. Hopkins et al. 2010a; V. Rod-
riguez-Gomez et al. 2015). In the era of future surveys with
JWST, Rubin, and Roman, these tests will be extended to
higher redshifts and lower mass scales than were previously
accessible (J. P. Gardner et al. 2006; D. Spergel et al. 2015;
B. Robertson et al. 2019; B. E. Robertson et al. 2019; P. Beh-
roozi et al. 2020; G. Martin et al. 2022).

At higher redshift (z > 1) and at lower masses (M, < 107~
M), even isolated galaxies are highly disturbed (S. Wuyts
et al. 2012, 2013; G. Martin et al. 2018, 2021; S. Varma et al.
2022), making close pair fractions a critical alternative to
morphological signatures for merger rate studies. However,
there is currently no framework for comparing merger rates for
low-mass and high-mass galaxies as a function of time, and
tensions between predictions from theory and observational
studies exist in the literature at low masses (V. Rodriguez-Go-
mez et al. 2015).

This study seeks to establish a framework to enable
comparisons of merger rates across mass scales and redshift
so that the merger rates of low-mass galaxies can be used as
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tests of ACDM theory. These results can also be used to
interpret observations of galaxy morphologies and their
hierarchical evolution, including the role of mergers in
triggering starbursts, fueling active galactic nuclei, facilitating
the formation of tidal features, etc., in low-mass galaxies (e.g.,
S. Stierwalt et al. 2015; S. Pearson et al. 2016; G. C. Privon
et al. 2017; M. T. Kristensen et al. 2021; G. Martin et al.
2021, 2022; N. Luber et al. 2022; A. Guzman-Ortega et al.
2023; S. Byrne-Mamahit et al. 2024; E. Kado-Fong et al.
2024).

In our previous work, we show that the redshift evolution of
pair fractions of isolated low-mass and high-mass pairs in
Mlustris TNG100 differ significantly, particularly at z <3
where pair fractions of low-mass pairs decrease up to 75%
between z = 3 and z = 0, while high-mass pair fractions peak at
z=0 (K. Chamberlain et al. 2024). We suggested that
differences in the merger timescales of low-mass and high-
mass pairs might be the cause of the pair fraction evolution
differences. In our following analysis, we will investigate this
question directly and answer whether merger timescales are
responsible for these pair fraction differences.

Additionally, we found in K. Chamberlain et al. (2024) that
recovering the pair fraction differences seen between the two
mass scales is sensitive to the selection criteria adopted during
pair selection. Physical separation cuts applied equivalently to
all pairs, with no mass or redshift dependence, eliminate the
ability to distinguish the behavior of the pair fraction evolution
of low-mass and high-mass pairs, even for separation cuts as
large as 74, < 300 kpc. Alternatively, when separation criteria
vary with the mass and redshift of each system, in particular
when the separation is scaled by the virial radius R, of the
pair’s Friends-of-Friends (FoF) group halo, the ability to
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distinguish the underlying pair fraction behavior was recovered
for scaled separations as low as ryp <0.5 Ryi. Employing
scaled separation criteria then permits the equivalent compar-
ison of pair fractions between low-mass and high-mass pairs,
and robust comparisons across redshifts from z =0 to 4. Since
merger rate estimates are derived from close pair fractions and
merger timescales, the results from our previous work imply
that careful consideration of separation criteria is required for
merger timescale and merger rate studies at different mass
scales and redshifts as well.

In order to investigate the impact of pair selection criteria on
merger timescales specifically, we will track the pairs selected
in K. Chamberlain et al. (2024) forwards and backwards in
time to construct orbits for each pair. We will then study the
merger timescales of isolated low-mass and high-mass pairs for
the same set of physical and scaled separation criteria used in
K. Chamberlain et al. (2024) to determine whether the merger
timescales of isolated pairs are robust to the selection criteria
used to determine the pair samples.

In this paper, we aim to extend the framework for pair
selection criteria presented in K. Chamberlain et al. (2024). In
Section 2, we detail our selection criteria for isolated low-mass
and high-mass orbits in the Illustris TNG100 simulation. We
examine the redshift evolution of the number of pairs and
merger fraction of our sample in Section 3. In Section 4, we
present our findings on the separation and redshift dependence
of the merger timescales of low-mass and high-mass pairs, and
study the impact of physical and scaled separation criteria for
pair selection. Finally, we discuss the implications of this work
and provide suggestions for a self-consistent way of studying
pairs across redshifts and mass scales in Section 5, and present
our final conclusions in Section 6.

2. Methodology

The ustrisTNG simulation suite (F. Marinacci et al. 2018;
J. P. Naiman et al. 2018; D. Nelson et al. 2018; A. Pillepich
et al. 2018; V. Springel et al. 2018) is a set of large volume
dark-matter-only and full magnetohydrodynamical cosmologi-
cal simulations consistent with the Planck 2015 ACDM
cosmology (Planck Collaboration et al. 2016).

Following K. Chamberlain et al. (2024), we use TNG100-1
(hereafter TNG100), which is the highest resolution full
physics run of the (100 Mpc)® volume. In particular, we utilize
the group catalogs produced by the SUBFIND algorithm
(V. Springel et al. 2001; K. Dolag et al. 2009) and the merger
tree catalogs generated by the SUBLINK algorithm (V. Rodrig-
uez-Gomez et al. 2015). The catalogs consist of a set of 100
snapshots, ranging from z~ 20 (snapshot 0) to z=0 (snap-
shot 99).

Our sample consists of major low-mass and high-mass pairs
(stellar mass ratio 1/4 < My,/M,, < 1) that are isolated, but
physically associated, as in K. Chamberlain et al. (2024). From
this sample, we will determine the fraction of pairs at each
snapshot that merge before z =0, and track the orbits of each
pair to study their merger timescales from z = 0-6.

2.1. Pair Sample

We begin with an extension of the Full Pair Catalog
described in K. Chamberlain et al. (2024), which consists of a
collection of isolated galaxy pairs at each snapshot in TNG100.
We collect our base sample at each redshift in the simulation. A
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brief version of the selection routine is transcribed here for
completeness, and we refer readers to Section 2 of K. Chamb-
erlain et al. (2024) for more detail and a discussion of the
selection criteria choices.

At each snapshot, low-mass and high-mass pairs are chosen
by first selecting the two most massive subhalos (by assigned
stellar mass, using abundance matching; as described later in
this subsection) from FoF groups with virial mass Mg:

low mass: Mg =8 x 100 — 5 x 10'' M,

[O})

high mass: Mg =1 x 10> — 6.5 x 102 M.

Virial masses (and radii) are calculated according to the
spherical collapse model of G. L. Bryan & M. L. Norman
(1998), and are provided by the TNG group catalogs. Requiring
pairs to belong to the same FoF group ensures that the pairs are
distant from other massive nearby systems that could perturb
the dynamical state of the pair. In addition, for each pair, we
calculated the Hill radius of every FoF group with a higher
mass within 10 Mpc of the pair, as a proxy to discern whether
the pair lies outside the gravitational sphere of influence of
these more massive groups. We found that over 99% of our
pairs at z =0 are more distant than two times the Hill radius of
each FoF group.

We require the subhalos that constitute a pair to meet a
minimum subhalo mass, M, criterion of:

minimum subhalo mass: M, > 1 x 10° M.,

at the snapshot of consideration. For TNG100, this ensures that
subhalos are resolved into over ~100 particles, enough to

robustly identify gravitationally bound subhalos in the SUB-
FIND and SUBLINK catalogs. For each subhalo in the FoF group

that passes the minimum subhalo mass criteria, we utilize the
SUBLINK catalogs to find the peak halo mass of each subhalo

(V. Rodriguez-Gomez et al. 2015).

As in K. Chamberlain et al. (2024), stellar masses are
assigned to each subhalo in the FoF group using the abundance
matching prescription of B. P. Moster et al. (2013). Utilizing
abundance matching to assign stellar masses allows us to
circumvent simulation-specific stellar mass effects, and also
results in a more straightforward process for applying our
methodology to observational studies (see Section 5.3 for more
details). The peak halo mass and current redshift are used to
calculate the stellar mass of each subhalo via the abundance
matching prescription My, = f(Mpc.x, ), where z is the redshift
of consideration.

In K. Chamberlain et al. (2024), the abundance matching
prescription was sampled 1000 times for each subhalo to
account for the spread in the stellar mass—halo mass (SMHM)
relation. For the present study, we only use the stellar masses
given by the median of the abundance matching relationship.
We expect that the spread of merger timescales from different
orbital configurations, as well as the redshift spacing of the
TNG100 snapshots, will dominate over uncertainties from the
number of pairs in the catalog, which varied by ~3% (see
K. Chamberlain et al. 2024).

Primary subhalos are defined as the subhalo with the highest
assigned stellar mass, M, in the FoF group, and secondaries
are defined as the second most massive subhalo with stellar
mass M,,. Our sample of major pairs then consists of all pairs
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of primary and secondary subhalos with:

low mass primaries: 108 < My < 5 x 10°M,,
high mass primaries: 5 x 10° < My < 10''M_,
stellar mass ratio: My,/ My > 1/4.

A primary or secondary subhalo can only be a member of one
single pair at a given snapshot, such that a collection of N pairs
consists of N unique primaries and N unique secondaries. A
subhalo can belong to multiple different pairs at different
redshifts. For example, the primary of a pair that merges at
z=2 can be selected with a different secondary at z=1,
constituting a new pair. More detail regarding the uniqueness
of pairs and orbits is discussed in Section 2.3.2.

The base sample of pairs used for this analysis then consists
of the set of all isolated low-mass and high-mass major pairs
from each redshift of the TNG100 simulation.

2.2. Mergers

Here we describe how mergers are identified. Note that this
definition is specific to subhalo mergers and therefore the
results are not guaranteed to hold for galaxy mergers (see, e.g.,
V. Rodriguez-Gomez et al. 2015; D. R. Patton et al. 2024),
especially in cases where dark matter subhalos and galaxies
have different centers of mass, as is the case in our own Galaxy
(F. A. Gémez et al. 2015; N. Garavito-Camargo et al. 2019;
M. S. Petersen & J. Pefniarrubia 2021; K. Chamberlain et al.
2023).

The primary and secondary subhalos of each pair have a
SubfindID in the SUBFIND merger tree catalogs, which
contain information about every FoF group and subhalo at each
redshift. The SUBLINK catalogs track subhalos from one
redshift to the next, and thus enable us to track subhalos both
backwards and forwards in time from any given redshift.

We utilize the DescendantID field of the SUBLINK
catalogs to determine which pairs from our base sample merge
before the end of the simulation (at z=0) and when each
merger occurs. The DescendantID field provides the
SubhaloID® of the subhalo’s descendant in the next (or
one of the following) snapshots, if it has one.

In this analysis, a pair is classified as a merger if the primary
and secondary subhalo share the same DescendantID at the
same redshift. This means that the primary and secondary
subhalo have merged such that SUBFIND can no longer
distinguish them as two separate halos, therefore yielding a
single descendant subhalo. If a primary and secondary never
share the same DescendantID at the same redshift, the pair
is defined as a “nonmerger.”

For each merging pair, we define the merger redshift as the
redshift that immediately follows the first snapshot where the
primary and secondary have the same DescendantID. For
example, if the primary and secondary have different
DescendantIDs from z=06 to z=2, but have the same
DescendantID at z=2, then the merger must take place
between z=2 and z=1.9, which is the next redshift
corresponding to a snapshot in the simulation. In this example,
we take z = 1.9 to be the merger redshift.

6 Note that the SubhaloID is distinct from the SubfindID, and is unique

for every subhalo in the merger trees. The SUBLINK catalogs provide the
associated SubfindID of each subhalo.
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2.3. Orbits

We extract orbits for all mergers and nonmergers in our base
pair sample using the merger tree catalogs. An orbit for a single
pair is defined to be the physical separation between the
primary and secondary subhalo as a function of redshift (or
lookback time).

A given pair from the base sample at redshift z,, passes all of
the selection criteria from K. Chamberlain et al. (2024) at z,,,
and can additionally be followed backwards and forwards in
time using the SUBLINK merger trees. We track the positions of
both the primary and secondary subhalo at each redshift and
calculate the physical separations after accounting for the
periodic boundary conditions of the simulation box. In cases
where the primary or secondary does not have a defined
position at a given redshift, we do not compute a value for the
separation at that redshift.”

In addition to the physical separation, we also calculate the
scaled separation of a pair at each redshift. We use the
definition of scaled separation:

Ise = ’:qep/Rvir, (1)

from K. Chamberlain et al. (2024), where r,,, is the physical
separation in units of kpc and Ry; is the virial radius of the
pair’s FoF group.® The virial radius of the pair’s FoF group
reasonably approximates the virial radius of a halo with a virial
mass equal to the combined subhalo mass of the primary and
secondary. This “scaled separation” is, by construction, a
function of mass and redshift.

Note that we choose not to interpolate the orbits to get a
more precise determination of the merger timescale, as the
spread on the merger timescales in our study will be dominated
by the variation of orbital configurations, rather than the
uncertainty due to snapshot spacing. However, D. R. Patton
et al. (2024) recently showed that for studies needing more
precise determination of, e.g., pericenter passages or merger
times, their 6D interpolation scheme can improve timing
uncertainties from £80 Myr to £3.3 Myr.

2.3.1. Defining Postinfall

While the orbit of a pair may be calculated at very early
times, we wish to constrain our orbital analysis to only
physically associated pairs, and thus will not consider the orbit
of a subhalo pair before it belongs to the same FoF group.
Specifically, we will consider only the “postinfall” part of each
pair’s orbit.

We define the redshift of “first infall” as the redshift of the
first snapshot where the primary and secondary have the same
parent FoF halo, and postinfall as all following redshifts
starting with the redshift of first infall. We define merger
timescales to begin at the time of first infall and conclude at the
time of merger redshift, as defined in Section 2.2.

7 If asubhalois very small, or is passing through a more massive subhalo, and
is unable to reach the density contrast required to be identified as an
independent structure by the SUBFIND algorithm, it will not have a defined
position in the SUBLINK catalogs. The SUBLINK algorithm allows for subhalos
to skip a single snapshot, and identifies the “skipped descendant” in the S,
snapshot, so that the orbit can be evaluated before and after the skip occurs. See
Section 3 in V. Rodriguez-Gomez et al. (2015) for more details.

8 Given by Group_R_TopHat200 in the group catalogs. If the secondary is
not in the same FoF group as the primary, the virial radius used to calculate the
scaled separation will remain that of the primary’s FoF group, which merging
secondaries will eventually reenter prior to merger.
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Figure 1. Selection of example orbits of low-mass major pairs that pass the pair
selection criteria at z = 1.5, showing the separation between the primary and
secondary as a function of lookback time. (Top) Orbits of pairs that merge
before z=0. (Middle) Orbits of pairs that do not merge before z=0
(nonmergers), but are likely to merge if the simulation continued. (Bottom)
Orbits of pairs that do not merge before z = 0 (nonmergers) and are unlikely to
do so in the future ~2 Gyr (past the end of the simulation). Solid lines represent
the postinfall orbits, i.e., after the pair share a common FoF group. Dashed lines
show the preinfall portion of the orbit. Triangle points in the first panel show
the first redshift after merger where the orbit has a separation of 0 kpc. The
vertical gray line marks z = 1.5 at a lookback time of 9.5 Gyr.

Figure 1 presents a set of example orbits, which shows the
wide variety of orbit types that can be found in the TNG100
simulation for pairs that were originally selected from K. Cha-
mberlain et al. (2024) at z = 1.5. The top panel shows the orbits
of five pairs that merge, where solid lines show the postinfall
parts of the orbit, and dashed lines show the preinfall portions
of the orbit before the secondary and primary ever share a FoF
group halo. Even among galaxies of the same approximate
stellar mass and stellar mass ratio, the spread of merger
timescales can be very large, with merger timescales between
~1 and 10 Gyr from first infall to merger (triangles).

For some pairs, the secondary subhalos can experience first
infall, then after one pericentric passage can return to large
distances where they are temporarily assigned a different FoF
group halo than that of their primary. In these cases, we use the
full orbit beginning at first infall, including the segments of the
orbit where the secondary is assigned to another FoF group
temporarily, through to merger as described in Section 2.2.
This definition is most robust for considering the full
interaction timescales of merging pairs.

Chamberlain et al.

The middle panel of Figure 1 (“Potential Future Mergers”)
shows the orbits for three pairs that are classified as
nonmergers, since they do not merge before z =0, but which
appear likely to merge within a few gigayears past the end of
the simulation. These orbits can have a variety of orbital
periods, and the number of pericentric passages can vary
significantly. The two lighter blue orbits are very long period
orbits with 1-2 pericenter passages in the past 10 Gyr, while
the darker blue orbit has a much shorter period with three close
passages in just the past 2 Gyr.

The bottom panel shows the orbits of “fly-by” interactions
(nonmergers) that are unlikely to merge in the near future, if
ever. Note that we do not split our nonmerger category into fly-
bys and potential future mergers for any of our following
analyses, and such distinctions were made only for the
purposes of showing the diversity of selected orbits. We
further discuss the role of nonmergers and fly-bys on our
results in Section 5.2.

2.3.2. Uniqueness of Orbits

Since we collect the orbit for each pair at all redshifts after
infall, a singular orbit will be selected as many times as the
number of redshifts (or snapshots) where that pair exists.
However, it is only necessary to keep a single instance of any
given orbit in our catalog to avoid skewing our data artificially
to longer merger timescales.

To distinguish the collection of unique orbits, each pair is
assigned a “pair key” while constructing their orbit. The pair
key is created by concatenating the earliest SubhaloID of the
primary and secondary subhalo from the SUBLINK catalogs,
and is unique for each pair of halos. After each pair is assigned
a unique pair key, we only keep one instance of an orbit per
pair to avoid double/multicounting in our orbit catalog.

Note that a single subhalo may be a member of many
different pairs, but will only have one unique orbit per unique
pair. For example, the primary of a low-mass pair selected at
z =3 that merges before z = 2 may be selected via our selection
criteria again at z = 1 with a new secondary companion. In this
case, both orbits (of the original low-mass pair and the new
pair, which includes the primary subhalo from the previous
merger) are retained in the orbit catalog.

The total number of orbits, before removing the redundant
orbits, is 71,429 for low-mass pairs, and 20,824 high-mass
pairs. However, after removing all redundant orbits, there
remain 22,213 low-mass orbits, and 3029 high-mass orbits that
each correspond to a unique pair of subhalos. The collection of
all unique orbits constitutes our orbit sample and is the data set
that will be used for the remainder of this analysis.

3. Pair Sample Properties
3.1. Number of Pairs

The total number of pairs at a given redshift is equal to the
number of orbits at that redshift, including both merger and
nonmerger pairs. A single, nonmerging pair with first infall at
z =3 will contribute to the number of pairs at all redshifts from
z=0to 3.

Figure 2 shows the number of low-mass and high-mass pairs
as a function of redshift from z =0 to 6. Low-mass pairs (green
solid line) are most numerous between z=1.25 and 2, while
high-mass pairs (pink solid line) are most numerous between
z=0and 1. The dashed lines show the number of unique pairs
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Figure 2. The number of unique low-mass (green) and high-mass (pink) pairs
in our orbit catalog as a function of redshift. Orbits are only defined between
first infall and the merger redshift (for merging pairs) or z = 0 (for nonmerging
pairs). The solid lines show the total number of pairs at a given redshift
(including nonmergers and mergers), while dashed lines show the number of
pairs at a given redshift that will merge before z = 0. The decrease in the
number of unique low-mass pairs from z =2 to z =0 is due to pairs being
removed from the sample via mergers.

that merge prior to z = 0 for each sample. The number of pairs
that merge decreases to zero at z = 0 since many pairs that exist
at low redshift will have merger timescales that span beyond
the end of the simulation (i.e., z=0).

As subhalos experience first infall into a FoF group, the
number of pairs increases. On the other hand, mergers
simultaneously lead to a decrease in the number of pairs. The
number of low-mass pairs increases from ~600 pairs at z =6 to
~6600 at z = 2. The decrease in the number of pairs after z =2
means that the number of low-mass pairs that are merging at
each redshift is larger than the rate at which pairs are added to
the sample. The number of high-mass pairs also increases until
z=1, at which point it remains approximately constant from
z=0 to 1 at ~1000 pairs. There is a slight decrease in the
number of high-mass pairs at the very lowest redshifts z < 0.1,
where the mergers begin to outnumber the new pairs being
added at each redshift.

In Figure 1 of K. Chamberlain et al. (2024), the number of
low-mass pairs peaks (with ~3000 pairs) and begins to
decrease at z~2, and the number of high-mass pairs is
approximately constant between z =0 and 1, peaking at ~700
pairs. We find the same behavior with our pair sample, with
low-mass pairs peaking at z =2 and high-mass pairs leveling
off between z =0 and 1. However, in this study, the number of
pairs at a given redshift is higher than in our previous work,
since the orbit catalog includes a unique orbit for every pair
from the previous work. For example, a pair that passes the
K. Chamberlain et al. (2024) selection criteria only at z =1 will
only be counted as a pair at z=1 in the previous work, while,
in this study, it may be counted at many more redshifts since
we can follow the orbit forwards and backwards in time.

3.2. Merger Fraction

We calculate the merger fraction by dividing the number of
pairs that merge (dashed lines in Figure 2) by the total number
of merging and nonmerging orbits (solid lines) at a given
redshift. As before, an orbit with first infall at z =2 and merger
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Figure 3. The fraction of low-mass (green) and high-mass (pink) orbits that
merge before z = 0 shown as a function of redshift. The horizontal line shows a
merger fraction of 0.9, or 90%. High-mass pairs have merger fractions greater
than 0.9 for z > 1.1, and low-mass pairs for z > 1.6. The sharp decline of the
merger fraction to zero at low redshift is a nonphysical feature of the simulation
ending at z=0. Only orbits with sufficiently short merger timescales will
merge at redshifts z >~ 1.

at z=1 will be included in the merger fraction calculation for
redshifts z =1-2. Note, this definition of the merger fraction
differs from that typically used in observational studies, where
merger fractions are computed from close pair fractions with a
correction term (e.g., E. Ventou et al. 2019).

Figure 3 shows the fraction of isolated pairs of low-mass
(green) and high-mass (pink) pairs that merge before the end of
the simulation as a function of redshift. At redshifts z > 2, the
merger fraction for low-mass and high-mass pairs is greater
than 0.9. The merger fraction for both mass ranges declines to
zero at z=0, due to the very small fraction of pairs at low
redshift (z < 1) that have short enough merger timescales to
merge before z=0.

The merger fraction of low-mass and high-mass pairs is the
same from z = 0-0.5 to z = 2.5-6. Between z = 0.5 and 2.5, the
high-mass merger fraction is larger than the low-mass merger
fraction, and the knee of the merger fraction occurs at a lower
redshift. We discuss this difference in more detail in
Section 5.2.

Note that the merger fraction defined here is a measure of the
fraction of isolated pairs that merge before z=0. It is not,
however, a measure of the fraction of all low-mass and high-
mass pairs in all environments that will merge.

4. Results: The Mass and Redshift Dependence of Merger
Timescales

Using our sample of isolated low-mass and high-mass pairs
in the TNG100 simulation, we calculate the merger timescales,
or time until merger, for all of the merging pairs in sample. The
merger timescale of a pair is defined to be the amount of time
that elapses between the redshift at which the pairs are selected
and the merger redshift. Only the merging pairs will be
considered for the remainder of the analysis.

In Section 4.1, we explore how the merger timescale changes
as a function of pair separation across redshifts for low-mass
and high-mass pairs. In Section 4.2, we investigate the median
time until merger for all pairs as a function of redshift. We will
additionally examine the merger timescale’s dependence on a



THE ASTROPHYSICAL JOURNAL, 975:104 (13pp), 2024 November 1

Chamberlain et al.

8 Low-mass
. 6
S,
O 4
°é, 2
=
£ 8
€6
-]
)
£
a

3817 1062 [
0O 100 200 100 200 O 100 200
Separation [kpc]
8 ; AT ; :
z=0.5 Z=1 Zz=(1.5 Z=2
= 6} I } | -
it TN Y
>
Q 623 858 769 585
£ 8 ; : : : ; ; ; : 158
= z=3 z=4 Zz=5 Z=6
€ 6f 1 1 1 ]
-}
[ Sl 1 1 1 ) ]
‘ ' .241»7 ;, ] QOETIIUDI 35 -... 10
0O 100 200 O 100 200 O 100 200 O 100 200

Separation [kpc]

Figure 4. The distribution of merger timescales for low-mass (top) and high-mass (bottom) pairs as a function of physical separation at z = 0.5, 1, 1.5, 2, 3,4, 5, and 6.
The color bars show the percentage of the total number of pairs at each redshift (given in the bottom right corner of each panel) that are in a given separation bin. In
each of the first panels, the gray horizontal dashed line shows the time remaining in the simulation, above which there are no mergers. The thin black line is a linear fit
to each set of data with slopes from Table 1 and described in more detail in the text. We find (i) a positive correlation between separation and the time until merger at
each selected redshift—the lowest separation pairs tend to have the shortest merger timescales; (ii) given a redshift and separation, the low-mass merger timescale is
longer than the high-mass merger timescale, i.e., low-mass pairs at z = 1 with separations ry, < 100 kpc merge within 6 Gyr, while high-mass pairs in the same
separation range merge within 3 Gyr; (iii) merger timescales are longer for lower redshift pairs; and (iv) the spread of merger timescales and separations increase with

decreasing redshift.

variety of separation criteria. Separation criteria are applied to
pairs at each redshift independently, such that a pair in the
10-50 kpc bin at one redshift will not be part of the sample
used at redshifts where its separation is >50 kpc.

4.1. Separation Dependence of the Merger Timescales

We calculate the time until merger as a function of
separation for low-mass and high-mass pairs at a variety of
redshifts from z = 0.5 to 6. Binning the pairs by separation, we

can study how the merger timescale changes for pairs selected
at different points in their orbits.

We bin our pair sample by merger timescale, in bins of 0.5
Gyr, and separation bins of 20 kpc, and only consider the pairs
with separations 7, > 10 kpc. Figure 4 shows a heat map
distribution of pairs as a function of merger timescale versus
separation for low-mass (top) and high-mass (bottom) pairs at
redshifts z= (0.5, 1, 1.5, 2, 3, 4, 5, 6). The color bars to the
right of each figure show the percentage of the population of
pairs at that redshift that are in each bin. The number of pairs at
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each redshift is printed in the bottom right corner of each panel.
The horizontal line in the first panel shows the time remaining
in the simulation until z=0, above which no merging pairs
exist.

Additionally, each panel with more than 50 pairs includes a
linear fit to the data prior to binning. We fit a line of the form
y = C*x, where y is the time until merger, x is the separation,
and C is the slope that minimizes the mean squared error. We
do not include a fitting parameter for the intercept. The slope of
each linear fit is given in Table 1.

We find that the merger timescale for low-mass and high-
mass pairs is positively correlated with the separation of the
pair at a given redshift. The slope of the linear fit increases with
decreasing redshift, meaning that the merger timescale
increases with decreasing redshift for a given separation. For
example, pairs at z=4 with separations between 50 and 100
kpc tend to merge in less time than pairs with the same
separations at z=0.5. For the same physical separation, the
merger timescale of high-mass pairs is shorter than for low-
mass pairs at each redshift.

In addition, the spreads in the merger timescales and pair
separations are smaller at higher redshift, for both low- and
high-mass pairs. For example, the spread of merger timescales
for low-mass pairs at z =1 (4273 pairs) goes from O to 8 Gyr,
while pairs at z=4 (2218 pairs) have merger timescales
between 0 and 3 Gyr. Likewise, the spread of separations at
z=11s 0-200 kpc, but at z =4 the spread is smaller, between
10 and 125 kpc. The high-mass pairs also have a larger spread
in the distribution of merger timescales and separations at low
redshift than at higher redshift. This is due to the growth of
halos over time, and thus an increasing virial radius for FoF
groups at lower redshifts.

Figure 4 can be used to estimate the merger timescale of an
isolated pair at a given redshift. For example, a low-mass pair
at z =2 with rep ~ 75 kpc will merge in 0-5 Gyr, with a most
likely time to merger of around 2 Gyr. On the other hand, a
high-mass pair at z =2 with re, ~ 75 kpc will merge in 0-2
Gyr, with a most likely merger timescale of around 0-1 Gyr.

4.2. Redshift Dependence of the Merger Timescales

In this subsection, we study the merger timescales of low-
mass and high-mass pairs as a function of redshift.

First, we consider the pair sample as a whole, and quantify
the median merger timescale for all merging low- and high-
mass pairs from z=0 to 6. We then consider two sets of
separation criteria to create separation-selected subsamples, as
in K. Chamberlain et al. (2024), and study the impact of
different selection criteria on the resulting merger timescales.

4.2.1. Full Sample

We calculate the merger timescales for pairs at each redshift,
and quantify the median and spread on the merger timescale as
a function of redshift in Figure 5. As stated in Section 2.3.1,
merger timescales begin at the time of first infall and conclude
at the merger redshift (see Section 2.2). We include the full
catalog of merging orbits at each redshift, only excluding
separations 7y, <10 kpc to limit the impact of subhalos
becoming indistinguishable in the SUBFIND catalogs.

Figure 5 also shows the first and third quartiles, indicated
with shaded regions. Low-mass merger timescales (green) and
high-mass merger timescales (pink) are roughly equivalent at
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Figure 5. The median merger timescale as a function of redshift for low-mass
(green) and high-mass (pink) pairs in our merger sample. Shaded regions
represent the first and third quartile spread on the median. The thick dotted
black line at low redshifts shows the time to z =0 (the lookback time) as a
function of redshift, which sets the upper bound for the merger timescale that a
merging pair can have. The thin black line shows the Hubble time as a function
of redshift multiplied by a constant 5 = 0.35, which approximates the median
time until merger from z = 6 to z ~ 1. The median time until merger is similar
for low-mass and high-mass pairs, and rises from z = 6 to a peak at z ~ 0.75,
then decreases to z = 0.

Table 1
The Slope of the Linear Fit Between the Time Until Merger as a Function of
Separation for Low-mass and High-mass Pairs at a Collection of Redshifts

Redshift Low-mass Slope High-mass Slope
0.5 0.024 0.011

1.0 0.027 0.012

1.5 0.026 0.012

2.0 0.024 0.010

3.0 0.020 0.009

4.0 0.016 0.007

5.0 0.014

6.0 0.014

Note. The corresponding line of best fit is shown in Figure 4.

all redshifts, which implies that mergers do not proceed in
fundamentally different ways at different mass scales. We
explore this point further in Sections 4.2.2 and 4.2.3.

The median time until merger is ~0.5-0.7 Gyr at z ~ 6, then
rises to a peak of 2.3-2.4 Gyr at z ~ 0.6, then decreases to zero
at z=0. The abrupt decrease is artificial rather than a true
physical feature of merger timescales. As z — 0, there is an
increasingly small fraction of pairs that merge before z =0, as
seen by the dashed lines in Figure 2. These mergers must
proceed on shorter timescales by definition, as they were
selected as pairs that must merge prior to z=0 (i.e., a pair at
z=0.1 that merges by z=0 can have a maximal merger
timescale of 1.47 Gyr, whereas a pair at z=1 can have a
maximal merger timescale of 8 Gyr). This is shown by the
dotted black line on the left of Figure 5, which shows the
lookback time of the simulation as a function of redshift.”

° The lookback time at a given redshift z, is equivalent to the time elapsed

between z,, and z = 0. Thus, merging pairs cannot have merger timescales
larger than the lookback time of the simulation at a given redshift.
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To understand the functional form of merger timescales
between z =1 and 6, which is shown by the thin black line in
Figure 5, we consider the following derivation. In principle,
merger timescales for a body moving through a homogeneous
field of collisionless matter can be analytically derived from the
Chandrasekhar formula for dynamical friction (J. Binney &
S. Tremaine 2008).'° Departures from the idealized case
introduce perturbations to that solution, the validity of which
has been tested in cosmological hydrodynamic and N-body
simulations (M. Boylan-Kolchin et al. 2008; C. Y. Jiang et al.
2008).

Such studies have found that the merger timescale in N-body
hydrodynamic simulations is of the form:

Tmerge = Tdyns (2)
where Mpyim and M. are the primary and secondary subhalo
masses, respectively, A(©) is a constant for a given orbital
configuration, In A is the Coulomb logarithm taken to be
In A = In(1 + My /M), and 74y, is the dynamical time-
scale at the virial radius of the primary subhalo. The dynamical
timescale is related to the crossing time at the virial radius, and
is given by:
Rvir

Vcirc(Rvir)
where V(Ryi) is the circular velocity at the virial radius of

the primary subhalo. Note that the dynamical time can thus be
rewritten as:

3)

Tdyn =

“)

3H2()) 7
8w '

Tdyn = (Gpcrit)_l/2 = (

In our study, we keep the stellar and FoF group mass criteria
fixed as a function of redshift, such that for a given pair, the
merger timescale scales with redshift as:

Tmerge X Tdyn X H(Z)_l, 4)

assuming that there is no (or weak) redshift dependence of the
distribution of orbital parameters. Thus, the merger timescale is
expected to scale with the Hubble time at a given redshift.

In Figure 5, the black dashed line shows the Hubble time 1/
H(z) multiplied by 5= 0.35. We did not perform a fit for this
multiplicative constant, since we are interested in investigating
the behavior of the merger timescale as a function of redshift
rather than the specific values of the merger timescale. The
redshift evolution of our median merger timescales is consistent
with the scaling with 1/H(z) between z >~ 1 and 6.

We note that the 1/H(z) functional form deviates from the
median results at low redshift, but is still within the errors. The
deviation follows the trend of decreasing merger fraction for
the respective pair samples illustrated in Figure 3. We expect
that the deviation of the median results from 1/H(z) thus owes
to insufficient time for all pairs to merge, rather than indicating
that the true functional form should be shallower than 1/H(2).

10 Specifically, this derivation considers the merger timescale to be the time
that elapses between the secondary subhalo crossing into the virial radius of the
primary subhalo and the secondary’s coalescence with the primary.

1 H(z) is calculated using the same cosmology as the TNG100 simulation,
from Planck Collaboration et al. (2016). Specifically, {2y =0.31 and
Qp =0.69.
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It is notable that such a simple scaling holds for a complex
simulation like TNG100 where subhalos are far from isotropic
spherical distributions of mass. It is particularly interesting as
well that low-mass and high-mass pairs have the same merger
timescales and follow the 1/H(z) redshift scaling.

4.2.2. Physical-separation-selected Pairs

Since pair samples are typically picked via separation criteria
in both simulations and observations, we study the impact of
different separation-based selection criteria on the inferred
merger timescales. Separation-selected samples have a lower
separation criterion of 10 kpc. This lower separation criterion is
also commonly applied to observationally selected pairs in
studies of merger fractions and merger rates (see, e.g.,
J. M. Lotz et al. 2011; G. F. Snyder et al. 2017; G. Besla
et al. 2018, and the observational studies cited therein).

The first set of separation criteria selects only pairs at a given
redshift that have physical 3D separations greater than 10 kpc
and less than [50, 70, 100, 150, 200, 300] kpc, yielding six pair
subsamples. Pairs that are selected via the ryp <50 kpc
separation cut will be included in the 7y, < 70 kpc subsample,
and so on. These separation criteria do not vary as a function of
time or mass, and are applied equivalently to the low-mass and
high-mass samples at all redshifts. For example, an orbit in the
separation bin <50 kpc at z =2 will not necessarily be in that
same bin at other redshifts.

The top panel of Figure 6 shows the merger timescale versus
redshift for each of the low-mass (green) and high-mass (pink)
pair subsamples with separations less than the physical
separation listed above each panel. The same Hubble time
redshift scaling from Section 4.2 is shown by the thin black line
in each panel. We first note that the merger timescale peaks
around redshift z~0.5 for all low-mass and high-mass
subsamples. In addition, all subsamples show the same decline
of mean merger time as z — 0, as discussed in the previous
section. These traits are shown in Figure 5, meaning they are
features that are independent of the separation criteria.

The subsamples with maximum separations of [50, 70, 100]
kpc result in median merger timescales that are higher for low-
mass pairs than high-mass pairs at all redshifts. The difference
in the merger timescale is up to 0.8 Gyr longer for low-mass
pairs than high-mass pairs at the same redshift for the same
separation cut. The offset between the low-mass and high-mass
merger timescale decreases for the largest separation cut of
¥sep < 300 kpc. In the top rightmost panel, the median merger
times converge for nearly all redshifts, similar to the merger
timescales from the full sample shown in Figure 5.

As the selection criteria increase (from left to right), each
subsample contains a larger fraction of the full sample. The
merger timescale for both low-mass and high-mass pairs
increases with an increasing maximum separation cut. This
follows directly from Section 4.1, where we found that the time
until merger is positively correlated with increasing separation
for all pairs. Including a higher fraction of larger separation
systems in each subsample increases the median time until
merger at all redshifts.

The median merger timescale for low-mass pairs does not
change significantly for any separation cuts above 150 kpc,
which is larger than the average virial radius of low-mass
systems at all redshifts. On the other hand, high-mass merger
timescales tend to increase as separation increases. High-mass
pairs tend to have higher separations than low-mass pairs, as
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Figure 6. (Top) The median merger timescale as a function of redshift for low-mass (green) and high-mass (pink) pairs with 3D physical separations greater than 10
kpc and less than 50, 70, 100, 150, 200, and 300 kpc from left to right. (Bottom) The median time until merger as a function of redshift for pairs with physical
separations greater than 10 kpc and less than 0.25, 0.5, 1, 1.5, 2, and 2.5 R,;, from left to right. The thin black line is the same as shown in Figure 5, and goes as the
Hubble time 1/H(z) multiplied by 0.35 (see Section 4.2 for additional details). The time until merger increases from z = 4 to z ~ 0.5-0.75, at which point the time
until merger decreases to zero since all low redshift mergers must have short merger timescales to merge before the end of the simulation at z = 0.

shown in Section 4.1, due to the larger size of the high-mass
subhalos.

4.2.3. Scaled-separation-selected Pairs

We calculate the merger timescales for six additional
subsamples of pairs, applying separation criteria that scale
with both redshift and mass. The scaled separation, which we
define in Section 2, is the separation of a pair divided by the
virial radius of the pair’s FoF group, R,;. Scaled separation
criteria select the equivalent fraction of the full volume of each
FoF group, regardless of mass or redshift, whereas physical
separation criteria will select the same volume around each
primary, with no account for the growth of dark matter halos or
spatial distributions of satellites. The scaled-separation-selected
pairs have separations greater than 10 kpc and less than [0.25,
0.5, 1, 1.5, 2, 2.5] Ry;;- As in the previous section, the selection
criteria are applied at each redshift independently.

As detailed in K. Chamberlain et al. (2024), the median virial
radius for low-mass FoF groups at z=[0, 1, 2, 3, 4] is
approximately [134, 85, 59, 43, 33] kpc, and for high-mass FoF
groups is approximately [348, 206, 134, 97, 76] kpc,
respectively. Thus, choosing a scaled separation cut of
Tsep < 1 Ryir at z =1 will select low-mass pairs with separations
Fsep S 85 kpe and high-mass pairs with separations 7, < 206

kpc.

The bottom panel of Figure 6 shows the median time until
merger versus redshift for low-mass (green) and high-mass
(pink) pair subsamples with scaled separations less than those
listed at the top of each plot. As in the top row, the thin black

line in each panel shows the Hubble time scaling derived in
Section 4.2.

Quite unlike the physical-separation-selected subsamples in
the top panels, using a scaled separation criterion results in
nearly identical median merger timescales for low-mass and
high-mass pairs at all redshifts. We find that the median time
until merger at z=1 for each scaled separation cut is about
~[0.64, 0.94, 1.25, 1.55, 1.85, 1.96] Gyr, respectively, for both
the low-mass and high-mass samples.

The median merger timescale starts off small at z >4, then
increases to a peak around z ~ 0.6, before quickly decreasing to
zero at z = 0. This redshift evolution is similar to that of the full
sample in Figure 5.

The median time until merger at a given redshift increases.
The low-mass and high-mass merger timescales increase for
separation criteria that include a larger fraction of the virial
radius, and thus larger separation pairs, but recover the
behavior of the full sample by a separation cut of 2 R;.

In addition, the slope of the merger timescale from z=6 — 1
is steeper for high-mass pairs in the scaled separation
subsamples than the physical separation subsamples. This is
especially noticeable in the first panel of the top and bottom
rows, where the merger timescale of high-mass pairs is
approximately flat for the physical separation cut 7., < 50 kpc.

5. Discussion

In this section, we will explore the implications and broader
impacts of our merger timescale analysis, and put our study in
context with previous work.
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In Section 5.1, we return to one of the key questions posed in
our previous work: what are the underlying physical mechan-
isms that drive the difference in pair fraction evolution between
low- and high-mass pairs? In Section 5.2, we will discuss the
nonmerger portion of our orbit sample and the difference
between the merger fractions in the low-mass and high-mass
regimes. Finally, in Section 5.3, we discuss the implications of
our work for future observational and theoretical merger
fraction and merger rate studies and provide suggestions for a
self-consistent framework moving forward.

5.1. Connections to Pair Fractions

In our previous work (K. Chamberlain et al. 2024), we found
that the pair fractions of isolated low-mass and high-mass pairs
evolve very differently from z=0 to 2.5 (see their Figure 3).
Low-mass major pair fractions are constant for z > 2.2, but
decrease by almost 70% from z = 3 to z = 0. High-mass major
pair fractions slowly increase from z =6 to z =0, with a more
significant increase from z = 0.25 to z = 0. In short, the redshift
evolution of pair fractions is opposite for low-mass pairs
(which have a decreasing pair fraction with decreasing redshift)
and high-mass pairs (which have an increasing pair fraction
with decreasing redshift) from z=3 — 0.

K. Chamberlain et al. (2024) suggested a hypothesis for the
difference in the behavior of the pair fractions: that perhaps
low-mass and high-mass pairs have different merger time-
scales, which could lead to a difference in pair fractions from
high to low redshift.

However in the present study, we have shown that the
merger timescales of the full sample of low-mass and high-
mass pairs are approximately equal at all redshifts, meaning
that the opposing behavior of low-mass and high-mass pair
fractions is not a result of different merger timescales. Rather,
we suspect that the buildup of larger structures due to
hierarchical formation under ACDM leads to a reduced number
of low-mass groups that enter the analysis at lower redshift.
Additionally through this study, we have found that a
significant fraction of the pairs selected in our previous work
do indeed merge (>90% of pairs for z > 1.6), so that the rate at
which mergers occur is likely larger than the rate at which
isolated low-mass pairs form, particularly at low redshift, thus
leading to the quickly declining pair fraction measured in our
previous work.

5.2. Nonmerger Population

In our catalog of 22,213 low-mass pairs and 3029 high-mass
pairs, only 3700 (16.66%) low-mass pairs and 903 (29.71%)
high-mass pairs do not merge by z =0 (i.e., are classified here
as nonmergers). In Section 3.2, we found that the merger
fraction of low-mass and high-mass pairs at z > 3 is >0.95 and
the merger fraction decreases substantially at z < 3. While the
decline in the merger fraction at z <1 is primarily due to the
limited time that a pair will have to merge before the end of
the simulation, we also find that between z~ 0.6 and 2.5 the
fraction of low-mass pairs is lower than that of high-mass pairs.

As in the previous subsection, one possible hypothesis that
could explain the merger fraction differences is that low-mass
pairs have shorter merger timescales than high-mass pairs, such
that their mergers would occur at earlier times in the simulation
leading to a decrease in the merger fraction at higher redshifts
compared to high-mass pairs. However, we have shown that

10
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the merger timescales of our full low-mass and high-mass pair
sample evolve similarly for z=0-6, which means that the
difference in the low- and high-mass merger fractions between
z=0.5 and 2.5 is not a result of a difference in merger
timescale.

We suspect that the cause of the difference between the low-
and high-mass merger fractions is not a difference in the
merging population itself, but rather in the nonmerger
population and its evolution over time. As we do not categorize
our nonmerging sample into “likely mergers” and “fly-by
interactions” subsamples for this study (see Figure 1), we
cannot comment on how these two populations individually
contribute to the difference in merger fractions. However, one
possible explanation could be that a larger fraction of infalling
low-mass pairs at lower redshift results in fly-by interactions.
This could be the case if the velocity at which the secondary
subhalo enters the primary’s FoF group becomes increasingly
large compared to the virial velocity,'? resulting in fewer bound
systems.

5.3. Implications and Suggestions for Future Observational
and Theoretical Studies of Pairs

While we are unable to make direct comparisons with
previous observational studies of merger fractions and merger
rates, as our study uses true physical separations from the
simulation rather than projected separations, we can still draw
meaningful conclusions about the application of our results to
future studies of merger timescales and merger rates.

5.3.1. Pair Selection Criteria and Merger Rates in Illustris

Comparisons between studies of pair fractions, merger
fractions, and merger rates, especially across cosmic time and
different mass scales, are often challenged by the implementa-
tion of different selection criteria in each study.

In some observational studies, pair selection criteria are often
set by the observational parameters of the survey itself. For
example, limiting magnitudes and completeness limits can
dictate which range of stellar masses and stellar mass ratios are
considered (D. R. Patton et al. 2000; J. M. Lotz et al. 2008;
A. W. S. Man et al. 2016; E. Ventou et al. 2019). Additionally,
specific separation criteria may be chosen to avoid fiber
collisions in a spectroscopic survey (as in D. R. Patton et al.
2011; G. Besla et al. 2018).

In theoretical studies, it is more straightforward to adopt
several different pair selection criteria simultaneously for
comparisons to specific observational studies (i.e., J. M. Lotz
et al. 2011; V. Rodriguez-Gomez et al. 2015; G. Besla et al.
2018; G. F. Snyder et al. 2023). However, this then limits
theoretical studies to a subset of pair selection criteria specific
to their target comparison studies.

In recent years, some work has aimed to standardize pair
selection criteria for future studies, in particular, to facilitate a
fair comparison between theory and observations. One such
study is E. Ventou et al. (2019), who created mock catalogs
from the original Illustris-1 simulation to analyze the merger
probability of galaxy pairs as a function of (both physical and
projected) separation and relative velocity. They find that
selecting pairs with projected separations between
5<rproj <S50 kpc and projected relative velocities of

12 The virial velocity is the value of the circular velocity at the virial radius.
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Voroj < 300 km s~ ' selects all pairs that have a greater than 30%
chance of merging before z=0. These selection criteria are
calibrated to select a population of pairs that are fairly likely to
merge. Using their projected separation versus velocity analysis
of merger probabilities, they also develop a weighting scheme
to determine the likelihood of merger as a function of projected
separation and velocity, which provides a way to more
accurately calibrate merger fractions from close pair fractions.
While their study considers the impact of stellar mass and
redshift on the probability of merger, their suggested pair
selection criteria do not vary with mass or redshift, which we
have shown are crucial for interpreting and comparing pair
fractions and merger timescales.

V. Rodriguez-Gomez et al. (2015) constructed galaxy
merger trees to calculate the galaxy merger rate as a function
of the stellar mass of the descendant subhalo and redshift in the
original llustris simulation. They find that the galaxy merger
rate increases with increasing redshift for descendant galaxy
masses M, > 10'"" M.. These findings are consistent with
predictions of the galaxy merger rate from semiempirical
models (K. R. Stewart et al. 2009; P. F. Hopkins et al. 2010b),
and with merger rates derived from observational merger
fraction measurements calibrated by the corrected observability
timescales of J. M. Lotz et al. (2011).

Additionally, V. Rodriguez-Gomez et al. (2015) find that the
major merger rate at z~ 0.1 increases with increasing
descendant subhalo mass. While the redshift evolution of
merger rates are broadly consistent with observations, they find
significant discrepancies with major merger rates of galaxies
with M, < 10'® M, from K. R. V. Casteels et al. (2014), who
used morphological merger signatures to estimate merger rates
at low z. As the V. Rodriguez-Gomez et al. (2015) work is self-
consistently carried out at all redshifts and descendant masses,
V. Rodriguez-Gomez et al. (2015) suggest that the discrepancy
arises from significant uncertainty in the observability time-
scales of galaxies with lower mass M, < 10'° M, since the
timescales in K. R. V. Casteels et al. (2014) are calibrated using
an extrapolation of gas fraction data that are only available for
M, >10" M.

These results imply that the timescales used to convert
observational merger fractions (determined either by weighted
close pair fractions or by morphologically selected pairs) are
sensitive to the mass ranges and redshifts at which they are
valid, and attempting to make comparisons between theoretical
predictions and observational measurements can lead to
seemingly incompatible results. Our work provides a unique
framework that will allow for more robust comparisons of
theoretical and observational samples.

5.3.2. Implementing Scaled Separation Pair Selection Criteria in
Future Studies

In our previous work, we studied the impact of different
separation criteria on the recovered pair fractions of low-mass
and high-mass pairs, and found that features of the redshift
evolution of the pair fractions can only be distinguished by
employing scaled separation criteria (K. Chamberlain et al.
2024). In the present work, we explore how these same set of
selection criteria impact the recovered merger timescales. We
find that the median merger timescales of all isolated low-mass
and high-mass pairs evolve nearly identically between z =0
and 6. All subsamples of our pair catalog from scaled
separation cuts result in identical behavior of the low-mass
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and high-mass merger timescales as a function of redshift as
well. On the other hand, selecting pairs using a static physical
separation criterion results in merger timescales that evolve
differently between the two mass scales, and can differ by
0.8 Gyr.

These results translate to important implications for
observational studies of merger rates, which are typically
determined using physical-separation-selected close pairs and
merger timescales. Our work has shown that both of these
quantities can vary significantly for different pair selection
criteria and that physical separation criteria can eliminate the
distinguishing features of pair fractions or the equivalence of
merger timescales between low-mass and high-mass pairs.

We therefore promote the adoption of separation criteria that
vary as a function of mass and redshift for future pair studies.
In particular, we point out the importance of utilizing pair
selection criteria that permit fair comparisons of pair properties
in observational studies (i.e., pair fractions, merger timescales,
merger rates, etc.), particularly when the goal of such a study is
to quantify and compare the redshift evolution of pair
properties at different mass scales.

Specifically, we suggest employing separation criteria based
on the scaled separation of each pair, given in Equation (1).
The application of a scaled separation as demonstrated here can
be applied to observational studies. Since estimates of a pair’s
stellar masses are needed to quantify the mass ratio of the pair
(which is commonly computed for merger rate studies), no
further observational information is needed to develop mass
and redshift evolving separation cuts.

We provide a step-by-step example of this application as
follows. First, compute the associated dark matter masses from
the observed stellar masses of the pair using an SMHM relation
(in this study, we employ that of B. P. Moster et al. 2013).
Next, calculate the virial radius of a dark matter halo with a
virial mass equal to the sum of the dark matter masses of the
pair.'? Finally, determine the physical separation for each pair
individually that corresponds to the scaled separation criteria
adopted in the study.

The process of computing the dark matter halo masses of the
observed galaxies typically introduces systematic error to an
observational study. When converting from stellar mass to dark
matter halo mass, the SMHM relationship can be sampled, i.e.,
by computing many realizations of the dark matter mass of
each galaxy, in a similar fashion as performed in K. Chamber-
lain et al. (2024), to derive the associated spread introduced by
the abundance matching process.

As a concluding note, we remind readers that our results are
explicitly for isolated pairs, as outlined in Section 2. One
strength of this approach is that we have been able to study
dynamics that are inherent to the pairs themselves, rather than
those that are a product of the environment. Low-mass and
high-mass pair merger timescales in high-density environments
may evolve differently than in our findings. We leave the

13 We showed in K. Chamberlain et al. (2024) that the virial radius of a halo
with mass given by the combined dark matter halo masses of the primary and
secondary recovers the virial radius of the FoF group with approximately 98%
accuracy. The virial radius can be calculated from:

3Mvir

Ryir = 3 B
4rA.p,

©

where p. is the critical density of the Universe and A, is the overdensity
constant (see J. Binney & S. Tremaine 2008).
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extension of this analysis to more high-density environments as
the focus of future work.

6. Summary and Conclusions

In this study, we construct a sample of the orbits of isolated
low-mass (10° < M, <5 x 10° M) and high-mass (5 x 10° <
M, < 10" M.) major pairs (stellar mass ratio > 1:4) from
z=20 to 6 in the TNG100 simulation. Orbits of pairs, i.e., the
3D physical separation between the pair as a function of time,
are defined from the redshift at which the primary and
secondary subhalo first share a common FoF group (i.e., “first
infall”) to either z =0 or the redshift at which the pair merges.

The sample consists of 22,213 unique low-mass orbits and
3029 unique high-mass orbits, for which we quantify the
merger fraction as a function of redshift. We calculate the
merger timescales of low-mass and high-mass major pairs as a
function of separation and separately as a function of redshift.
Our goal is to identify the merger timescales of pairs in a
cosmological framework and to compare the redshift evolution
of the merger timescale between low-mass and high-mass pairs.

Additionally, motivated by our previous work on the pair
fractions of low-mass and high-mass pairs in K. Chamberlain
et al. (2024), where we showed that the evolution of the pair
fraction is sensitive to the separation criteria used to select the
pairs, we seek to determine the corresponding impact of
various selection criteria on the merger timescales of pairs.
Specifically, we look at two sets of selection criteria, one which
selects pairs via a static physical separation cut, and the other
which selects pairs based on a separation cut that evolves with
redshift and mass. This is especially important for studies that
seek to study pair fractions, merger fractions, merger time-
scales, and merger rates at different mass scales and/or as a
function of redshift.

Our main conclusions are as follows.

1. The merger fraction of physically associated low-mass
and high-mass pairs is high (>0.9) at z2>1.5 (see
Figure 3). However, the merger fraction declines rapidly
to zero as z — 0, due to the finite length of the simulation,
which artificially reduces the number of pairs with
enough time left to merge at low redshifts.

2. The merger timescale of a pair at a given redshift
increases with increasing pair separation. Additionally,
for a given physical separation, high-mass pairs have a
shorter merger timescale than low-mass pairs at the same
redshift. For example, low-mass pairs at z=1 with
separations 7., < 100 kpc merge within 6 Gyr, while
high-mass pairs in the same separation range merge
within 3 Gyr (see Figure 4).

3. The median merger timescale peaks around z~ 0.6 at
~2.1-2.4 Gyr for both low-mass and high-mass pairs. At
redshifts z 2> 1, the median merger timescale for the full
sample of low-mass and high-mass pairs that merge prior
to z=0 declines with increasing redshift at a rate
proportional to 1/H(z) (see Figure 5). At z<1, the
maximum merger timescale is constrained by the time
remaining in the simulation for the pair to merge, which
causes the median merger timescale to decline to zero at
7=0. The decrease in the merger time at low redshifts is
artificial and not representative of the true merger
timescales of pairs at low redshift.
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4. When pairs are selected via a scaled separation criterion,
namely the pair separation scaled by the virial radius R,;,
of the FoF group of the primary, the low-mass and high-
mass merger timescales are nearly identical at all
redshifts. This holds for all scaled separation criteria
considered [0.25, 0.5, 1, 1.5, 2, 3] Ry;,. At z=10, 1, 2, 3,
4], a scaled separation of 1 R;, corresponds to an average
physical separation of [134, 85, 59, 43, 33] kpc for low-
mass pairs and [348, 206, 134, 97, 76] kpc for high-mass
pairs.

5. When pairs are selected via a physical separation criterion
(one that does not vary with redshift or with mass), the
median merger timescales of low-mass and high-mass
pairs differ by up to 0.8 Gyr. Thus, using the same merger
timescale for low-mass and high-mass close pair samples
selected via the same physical separation cuts will result
in biased merger rate estimates.

Studies have found that the merger rates of galaxy pairs vary
with redshift and with the mass of the pair (K. R. Stewart et al.
2009; P. F. Hopkins et al. 2010b; V. Rodriguez-Gomez et al.
2015). In our previous work, we found that the pair fraction of
isolated pairs in TNG100 likewise evolves with redshift and
mass (K. Chamberlain et al. 2024). In this paper, we show that
the merger timescales of major pairs in TNG100 vary with
redshift, but that low-mass and high-mass pairs have equal
merger timescales at all redshifts from z =0 to 6 if the correct
separation-selection criteria are used to pick equivalent samples
of pairs.

These works together give a comprehensive framework for
inferring merger rates via pair fractions and merger timescales
at redshifts from at least z=0-6, and for quantifying the
differences between low-mass and high-mass pairs. Indeed,
separation-selection criteria that scale with the mass and
redshift of the target system are crucial for interpreting pair
properties in a self-consistent way. In the future, observatories
such as the Rubin Observatory, the Roman Space Telescope,
JWST, and future Extremely Large Telescopes, will detect an
abundance of low-mass pairs at a wide range of redshifts, and
our theoretical framework for interpreting these observations
will be more critical than ever.
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