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ABSTRACT

We present a new algorithm for generating merger trees alodch#alogs which explicitly ensures consis-
tency of halo properties (mass, position, and velocitypssttimesteps. Our algorithm has demonstrated the
ability to improve both the completeness (through detgcdind inserting otherwise missing halos) and purity
(through detecting and removing spurious objects) of bogéingar trees and halo catalogs. In addition, our
method is able to robustly measure the self-consistencylof finders; it is the first to directly measure the
uncertainties in halo positions, halo velocities, and thk hmass function for a given halo finder based on
consistency between snapshots in cosmological simukatie use this algorithm to generate merger trees for
two large simulations (Bolshoi and Consuelo) and evaluatettalo findersROCKSTAR andBDM). We find
that both therocksTARandBDM halo finders track halos extremely well; in both, the numbédrados which
do not have physically consistent progenitors is at the 184l across all halo masses. Our code is publicly
available aht t p: / / code. googl e. com p/ consi st ent-trees. Our trees and catalogs are publicly
available aht t p: // hi pacc. ucsc. edu/ Bol shoi / .

Subject headingslark matter — galaxies: abundances — galaxies: evolutionethods: N-body simulations

1. INTRODUCTION levels of accuracy are required to be able to distinguish be-

Over the past few decades, dark matter simulations haveWeen different values of the primordial non-gaussiandy p
demonstrated increasing usefulness for validating teeaf ~ 'ameterfy (Pillepich et al. 2010). In addition to raw accu-

cosmology, for understanding systematic biases in observa@cy, models of galaxy formation (e.g., semi-empiricalrabu
tions, and for constraining galaxy and large-scale strectu dance maiching and semi-analytical models) depend on the

formation. In coming years, the rapid expansion of obser- physical consistency of catalogs and merger trees, in tisese

vational data coming from ground and space based surveysthat they require physically reasonable halo growth hissor

including CANDELS, GAMA, BOSS, DES, Herschel, Pan- an_d dynamically-plausible mergers to accurately model the
STARRS, BigBOSS, eROSITA, Planck, JWST, and LSST Puild-up of galaxy properties (e.g., stellar mass, lumityps

will mean that simulations will become even more important Metallicity, dust) over ime (Benson et al. 2011).

for modeling and understanding the detailed evolution ef th 10 date, while simulations largely agree on the final dark
cosmos. This wealth of data means that cosmological andMatter distribution, few comprehensive reviews have been
galaxy properties soon will be measured to a new standargP€rformed to determine which combinations of halo finders
of precision: however, none of this will increase the accyra  @nd merger tree codes produce the most accurate resuls (see
of current cosmological constraints without a concordanat| NOWever, Knebe et al. 2011). In part, this is because cos-
crease in the quality of simulations and our ability to model Mological halos have complicated structure; depending on
the systematic biases inherent in the observations. the particle distribution, it may be difficult to tell whictalo

Two of the principal outputs of dark matter simulations are finder is “better” or “worse” except by using a tedious and

halo catalogs and merger trees; namely, information aboutSUPjective examination by hand. On the other hand, with

the deep potential wells where galaxies are expected to recomparisons performed on more clinical test cases, such as

side, and a history of the mergers and growth of these po_halos generated with perfect NFW profiles, it is difficult to
tential wells. Derived properties of these outputs, such asknow how the comparison results will translate to the messie
the halo mass function and auto-correlation function, must orld of cosmological halos. Furthermore, percent-level u
be understood at the one-percent and five-percent level, redérstanding of the halo mass function requires not only that
spectively, in order to use the full constraining power of fu the halo finder should function well in the common cases, but

fUre surveys for, e.q., dark energy (Wu et al. 2010). Similar that it should also be robust against even the most extremely
» €.9., : ' misshapen halos.

Work supported in part by US Department of Energy contract DE-AC02-76SF00515.
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This paper avoids the problem d&finingaccuracy on a Generally, enhancements to this basic method have as-
cosmological simulation, and instead seeks to provide somesigned more weight to the trajectories of the most-bound par
clarity on this issue with a different approach. As noted ear ticles in each halo; this implies better continuity for tregaxy
lier, a necessary (although not sufficient) preconditiorafo at the center of the dark matter potential well. Such meth-
curacy is physical consistency. In most simulations, halo ods range from ensuring that the most-bound particle is lo-
properties are expected to evolve slowly relative to the rat cated within the descendant halo (e.g., van den Bosch 2002;
at which simulation timesteps are saved. As such, by com-Kauffmann et al. 1999), to creating merger trees based on
paring halos across several timesteps, it becomes possible the trajectories of a fraction of the most-bound partickeg.(
analyze not only which halo finders most consistently deter- Cole et al. 2008; Harker et al. 2006; Okamoto & Habe 2000),
mine halo properties, but also, which halo findersresubhént and more complicated continuous weighting metrics (e.g.,
most reasonable evolution of halos, based on, e.g., theis ma Fakhouriet al. 2010; De Lucia & Blaizot 2007; Springel et al.

accretion, positions, and velocities. 2005). For specialized purposes, such as calculating $moot
Our choice for the halo properties to compare acrossaccretion vs. substructure accretion, some studies ham-ex
timesteps (i.e., halo mass, circular velocity, positiamnd se- ined splitting halos such that all the particles in each ltesu

locity) implies that we must calculate the gravitationabev  ing group end up in the same descendant (Genel et al. 2010,
lution of halos (as distinct from particles) across timpste  2009).
This approach requires somewhat more effort than simpler In some more recentimplementations (Springel et al. 2005;
approaches, but it nonetheless has several unique adeantag Allgood 2005; Allgood et al. 2006; Wetzel et al. 2009; Wetzel
The most obvious one is that we can do extended tests on thé& White 2010; Klypin et al. 2011) attempts have been made to
physical consistency of halos, and thus, we may ntaken- extend progenitor identification beyond particle-basedyme
tifiable estimates of, e.g., the current accuracy of halo masstrees to ensure halo continuity; however many of these at-
functions. Just as usefully, the approach allows us to repai tempts have focused on robust substructure tracking using a
halo catalogs and merger trees when inconsistencies ard fou subset of halo properties. Here we extend this approach to
— e.g., when a halo disappears for a few timesteps in the halcconsider a wide range of properties for both halos and subha-
catalogs, we can regenerate its expected properties byagrav los, including halo mass, maximum circular velocity4),
tional evolution from the surrounding timesteps. Here, & u  position, and bulk velocity. As halo finders have known
this approach to generate two sets of halo catalogs and mergeamperfections—e.g., problems finding halos near the resolu
trees for two large simulations (Bolshoi and Consuelo)clvhi  tion limit and problems resolving substructure near the- cen
use different simulation codes®T andGADGET-2, respec-  ters of host halos—these imperfections translate into prob
tively) from halos found using th@oCKSTAR halo finder lems with accretion histories in purely particle-basedgeer
(Behroozi et al. 2011). In addition, we generate mergestree trees. Just as importantly, halo finders can hawenownim-
for Bolshoi using thesbm halo finder (Klypin et al. 1999, perfections which particle-based merger trees cannoaréve
2011), which allows us to compare the consistency of differ- Hence, it is the desire to fix both the known and the unknown
ent halo finders on the same simulation. problems with merger trees which has motivated us to attempt
This paper is divided into sections as follows. First, we more advanced methods for tree construction. We present
discuss limitations of merger trees and halo finding in the a sampling of a few known problems (which affect all halo
literature which can cause inconsistencies in 82. Next, wefinders) in the following section (§2.2).
present details including cosmology assumptions for the tw
main simulations (Bolshoi and Consuelo) and the two halo 2.2. Consistency Problems
finders RocksTARandBDM) for which we calculate merger
trees in 83. Then, we describe the methods we use to predicB
halo locations and velocities across timesteps (i.e., theig
tational evolution methods) in 84. We discuss the metrick an
methods for repairing merger trees and halo catalogs in &5 an
present quantitative tests for these methods in 86. Finafly
summarize our conclusions in 87.

Particle-based halo finders and merger tree algorithms have
een used very successfully in matching galaxy populations
from very high redshiftsZ ~ 8) to the present day for mas-
sive clusters to dwarf satellites (Behroozi et al. 2012)nso
recent examples of the relevant simulations include Klypin
et al. (2011); Crocce et al. (2010); Boylan-Kolchin et al.
(2009); Diemand et al. (2008); Springel et al. (2008, 2005).
2. CURRENT METHODS AND CURRENT ISSUES WITH MERGER At the same time, there are several instances in which prob-

TREES lems can appear that do not satisfy future requirements for
2.1. A Brief Overview of Current Methods high-precision halo catalogs and trees:

In order to determine the likely locations of galaxies, dark
matter simulations are postprocessed to find gravitatipnal
self-bound groups of particle®i@st halos also called cen- . :

: : larger halo. As a result, in the merger tree, it would be
tral halos), which may themselves contain subgroups of self cIa%sified as merged with the lar e% halo (which would
bound particlesfubhalossometimes also called satellite ha- receive most of f’:t]s articles) bgt then when it rean-
!OS)' Tre}d|tlona!ly, merger trees have been generatecoyr ears, the subhalo \F/)vould be, identified as a new hglo
ing particles in identified halos from one timestep to anothe P h ’ it
In most approaches, a halo at one timesteprégenito) is with no progenttors.
linked to a halo at the next timestep (tHescendaptif the 2. In the less extreme case where the halo finder identi-
majority of the particles in the progenitor end up in the de- fies a subhalo close to the center of a larger halo but
scendant (e.g., Planelles & Quilis 2010; Zhao et al. 2009;

Fakhouri & Ma 2008; Li et al. 2007; Nagashima et al. 2005; i N )

iy A, g Indeed, several previously unknown halo finding issues Witth BDM
Helly et al. 2003; Hatton et al. 2003; Wechsler et al. 2002; androcksTarwere identified and fixed as a result of developing this algo-
Tormen 1998; Roukema et al. 1997; Lacey & Cole 1994). rithm.

1. A subhalo may not be identified during one or more
timesteps where its orbit passes close to the center of a
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where many of the particles are mis-identified as being each with different strengths and weaknesses. We describe
associated with the host halo, there would be a simi- Bolshoi in §3.1, Consuelo in §3.2, tRCKSTAR algorithm

lar result: the merger tree would record a false mergerin §3.3, thesbm algorithm in §3.4, and we describe the initial
and the sudden appearance of a new halo with no pro-particle-based merger trees for Bolshoi and Consuelo 5. 83.
genitors. Approaches which track only the most-bound We have also conducted some limited comparisons with the
particles would result in fewer such cases in the merger SUBFIND algorithm (Springel et al. 2001) on a subregion of
tree, but the halo properties (e.g., halo magsy, etc.) Bolshoi in Appendix C. Throughout this paper, we assume
would remain incorrect for those timesteps. that halo masses are calculated as spherical overderisities

. . cluding contributions from any substructure.
3. For halos whose patrticles are distributed among many

other halos at the next timestep, the fate of the halo’s 3.1. Bolshoi

galaxy is not clear—depending on which particles end  \we present merger trees for a new high-resolution simula-
up in other halos, the galaxy could either be disrupted oy Bolshoj described in detail in Klypin et al. (2011). Bol-
into the intracluster light, or it could end up in one of g follows a comoving, periodic box with side length 250
the halos which received the most-bound particles. This -1 Mpc with 2048 (~ 8.6 x 10°) particles from redshift 80
fr;]a;ypt?étlgli g-\i/g(relr?{i)fi\g:jthaga;esi(r}g);’l :‘?’];\?éo de(reirngéng 2%'.2 g tothe pr_esent day. Its exquisit_e mass resolutio@n_ﬁ]_lo8 Mg
approach and then be identified as multiple halos at theP€" Particle) and force resolution ki* kpc) make it ideal for
next timestep. studying intrinsic properties, clustering, and evolutairha-
los from 13° M, (e.g., satellites of the Milky Way) to the
4. The opposite effect may also happen—a subhalo passtargest clusters in the universe {20/). Bolshoi was run as
ing close to the center of a larger halo may erroneously a collisionless dark matter simulation with the Adaptive Re
be assigned particles from the host halo, leading eitherfinement Tree CodeaRT; Kravtsov et al. 1997; Kravtsov &
to a spuriously large subhalo or a duplicate of the host Klypin 1999) assuming a flat\CDM cosmology (v = 0.27,
halo. Q4 =0.73,h=0.7,053=0.82, andchs = 0.95). These cosmolog-
. . e ical parameters are consistent with results from both WMAP5
5. Halos just on the threshold of identification (e.g., be- (Komatsu et al. 2009) and the latest WMAP7+BAQs+é-
cause of low particle numbers) may appear and disap-gt5 (Komatsu et al. 2011). Our merger trees are consttucte

pear several times over successive timesteps, leading 1q,qjn4"180 output snapshots of the simulation, and contain a
false mergers, halos with no descendants, or simply a;,a7of nearly 3 billion halos.

bias against low-mass halos, depending on the merger
tree implementation. 3.2. Consuelo

Each of these problems leads to systematic biases in recov- We also present merger trees for a second simulafion;
ering subhalo properties. Under the assumption that gadaxi  SU€la which is one box out of a suite of 200 taken from the
reside in subhalos as well as host halos (e.g., Conroy et al-@rge Suite of Dark Matter Simulations (McBride et al, in
2006; Conroy & Wechsler 2009; Lu et al. 2012: Behroozi Preparation. Consuelo covers a larger volume (420 Mpc
et al. 2012), many of these problems would affect precisionon a side) with fewer particles (1490making it ideal for
comparisons with observations. For example, issues with su Studies of cosmic variance in high-redshift surveys. Thesna
halos would reduce the number of close galaxy pairs pretiicte resolution per particle (Z x 10° M) implies a completeness
by the simulation. Issues with halos undergoing major merg- limit close to 2x 10'* M, for halo masses; the reduced force
ers would result in systematic miscounting of the halo massresolution (softening length ofi8* kpc) as compared to Bol-
function. This is particularly important at the massive efid  shoi implies a reduced ability to track subhalos within the
the mass function, where mergers are common to the presengirial radius of a larger halo. Consuelo was run as a coliisio
data and accurate constraints are required for precisien co less dark matter simulation usiepDGET-2 (Springel 2005),
mology. Finally, issues with halos not having correct pro- with a flat, ACDM cosmology {2y = 0.25,0Q4 =0.75,h=0.7,
genitor tracks would result in either incorrect modeling (i o5 = 0.8, andns = 1.0) which is similar to the WMAPS5 best-
terms of semi-analytic galaxy models) or incorrect matghin  fit cosmology (Komatsu et al. 2009). Our default merger trees
(in terms of the abundance matching approach) of galaxiesfor this simulation are constructed using 100 output snaissh
in halos, making it more difficult to compare galaxy catalogs and contain a total of approximately 500 million halos in all
between simulations and observations. Many of these probtimesteps. We present results from Consuelo largely in Ap-
lems have been addressed to varying degrees in the literaturpendix B to streamline the content of the main body of the
previously, in particular those issues relating to robrestk- paper.
ing of substructure, see for example Wechsler et al. (2002); _

Springel (2005); Faltenbacher et al. (2005); Allgood et al. 3.3. TheroCKsTARHalo Finder

(2006); Harker et al. (2006); Wetzel et al. (2009); Tweedeta  For the main results in this paper, both the Bolshoi and

(2009). Here we attempt to address all of these issues systemConsuelo simulations were analyzed using HBCKSTAR

atically and simultaneously. halo finder. TheRoCcksTAR algorithm is a newly-developed

phase-space temporal (7D) halo finder designed for incdease
3. THE SIMULATIONS AND HALO FINDERS consistency and accuracy of halo properties, especiatly fo

In this paper, we present merger trees for two [a¥@M  subhalos and major mergers (Behroozi et al. 2011). The
dark matter simulations (Bolshoi and Consuelo). These simu method first divides the simulation volume into 3D friends-

lations demonstrate the applicability of our methodtotwWe d  of-friends groups with a large linking lengtt € 0.28) for
ferent simulation codessQRT and GADGET-2, respectively),

as well as two different halo findere@CkSTAR andBDM), 2 LasDamas Projecht t p: / /| ss. phy. vander bi | t . edu/ | asdanmas/
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easy parallel analysis. For each group, particle posittonts ~ Alog(R) =0.01.

velocities are normalized by the group position and veloc- Centers of subhalos can only be found among density max-
ity dispersions, giving a natural phase-space metric. Thenima, but not all density maxima are subhalos. An important
the algorithm adaptively chooses a phase-space linkirgglen  construct for finding subhalos are barrier points: a subtalo
such that 70% of the group’s particles are linked together dius cannot be larger than the distance to the nearest barrie
into subgroups. This process repeats for each subgroup—point times a numerical tuning factor called an overshoot fa
renormalization, a new linking-length, and a new level of tor foer~ 1.1-1.5. The subhalo radius can be smaller than
substructure calculated—until a full hierarchy of pagislub- this distance. Barrier points are centers of previousiytide
groups is created. Seed halos are then placed in the dendied (sub)halos. For the first subhalo, the barrier pointés th
est subgroups, and particles are assigned hierarchiodlyet  center of the distinct halo. For the second subhalo, it is the
closest seed halo in phase space (see Behroozi et al. 2011 fdirst barrier point and the center of the first subhalo, andso o
full details). Finally, once particles have been assigodubt The radius of a subhalo is the minimum of (a) the distance to
los, unbound particles are removed and halo propertie$-(pos the nearest barrier point timdg,er and (b) the distance to its
tions, velocities, spherical masses, radii, spins, ete)cal- most remote bound particle.

culated. If halos at the previous snapshot are availabéy, th

are used to determine the host halo / subhalo relationships i 3.5. Particle-Based Merger Trees

cases (such as major mergers) where they are ambiguous. As part of the algorithm process for generating gravita-
3.4. TheBDM Halo Finder tionally consistent trees, we computed simple particleeba

The basic technique of theom halo finder is described merger trees for both Bolshoi and Consuelo. The algorithm

in Klypin & Holtzman (1997); a more detailed description assigns a descendant to a halo based on which halo at the

P g : next timestep receives the largest fraction of the halofs pa
is given in Riebe et al. (2011), and tests and comparisons,. ; T . ;
with other codes are presented in Knebe et al. (2011). ThethIes (excluding substructure). In principle, this medfie

. . . : . fficient to correctly predict the vast majority of halo des-
code uses a spherical 3D overdensity algorithm to identify su : : 2
halos and subhalos. It starts by finding the density for eachdants (although of course it cannot identify cases wherdoa ha

individual particle; the density is defined using a top-hat fi 1 2uic NeYer NaVe existec, or viere & halo was missed). in
ter with a given number of particles;r, which typically is | db - h bhalo i d .
Niiter = 20. The code finds all density maxima, and for each cles would be Superior In cases Where a subnalo 1S unaergoing
maximum it finds a sphere containing a given overdensity rapid stripping (€.g., when it loses more than half of its- par

_ . " ; ticles to its host); however, the algorithm we present is thi
sl s /e, wherey s the il densiy paper can very effctvelycorect orsuch cases.
Among all overlapping spheres the code finds the one thatb ndeed, for thed analysis of Bolshol, only the most-

has the d h itational potential. The densit X ound particles were available; as such, we created initial
as the deepest gravitational potential. The density maxim e pger trees based on only these 250 particles for each halo.
corresponding to this sphere is treated as the center of a dis

tinct halo. Thus. b truct ter of a distincbhal For small halos (<2000 particles), this approach worked; wel
Inct halo. 1hus, by construction, a center of a distincbnhal p,\yeyer, there were more issues for large halos and halos un-
cannot be inside the radius of another one. However, periph

. . . . . ‘dergoing major mergers. Specifically, the use of incomplete
eral regions can still partially overlap, if the distancévbeen argcle giJnforgnation rgesultedF;n a sma)I/I fraction ().2—0.5%p
centers is less than the sum of halo radii. The radius and rnas‘getween timesteps) of halos without descendants and a large
of a distinct halo depend on whether the halo overlaps or notg,

i oe action (10%) of spurious links (see §5.3). By comparison,
with other distinct halos. The code takes the largest halb an e fraction of spurious links in theoCKSTAR particle trees

identifies all other distinct halos inside a spherical shéth ; : Py
; . was between 1-3%, depending on redshift. The ing@i
distancesk = (1= 2)Reener from the large host halo, where o0 1 ,g represents a more challenging set of initial condi

h . t
ReenteriS the radius of the largest halo. For each halo selectedt- . : - .
within this shell, the code finds two radii. The first is the-dis cl)?gﬁ’r glfégrﬁﬁquvn.es as an ideal proving ground for the efficac

tanceRyg to the surface of the large hal®yig = R— Reenter
The second is the distan&®ax to the nearest density max- 4. GRAVITATIONAL HALO EVOLUTION EQUATIONS
imum in the shell with the inner radius mR{y, Ra) and .
the outer radius maRg, Ra) from the center of the selected 4.1. Overview
halo. If there are no density maxima within that range, then  To solve the problems identified in §2.2, it is necessary to
Rmax = Ra. The radius of the selected halo is the maximum enforce consistency in the halo catalog across timesteps. N
of Ryig and Rnax. Once all halos around the large halo are matter how well-written the halo finder is, there will always
processed, the next largest halo is taken from the list of dis be halos which (for example) cross the threshold of detectio
tinct halos and the procedure is applied again. This setup isin one timestep and then disappear in the next. It is impossi-
designed to make a smooth transition of properties of smallble to tell whether those cases are statistical fluctuatonst
halos when they fall into a larger halo and become subhalos. based only on the information available at a single timestep
The bulk velocity of either a distinct halo or a subhalo is otherwise, presumably, appropriate logic could be added to
defined as the average velocity of the 100 most bound parti-the halo finder to account for them. Thus, the presence or ab-
cles of that halo or by all particles, if the number of pad&l sence of a halo in adjacent timesteps lends otherwise unavai
is less than 100. The number 100 is a compromise betweerable evidence which helps determine whether the halo should
the desire to use only the central (sub)halo region for tile bu be present in the current timestep.
velocity and the noise level. Knowing the positions, velocities, and mass profiles of ha-
The gravitational potential is found by first finding the mass los at one timestep, we may use the laws of gravity and inertia
in spherical shells and then by integration of the mass grofil to predict their properties at adjacent timesteps. By campa
The binning is done in log radius with a very small bin size of ing the predicted halo catalogs with the actual ones, and by
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calculating the deviations from the predictions, we can @am  In major mergers, this results in a somewhat inaccurateforc
diately tell whether the halo finder has missed or misidexttifi  law; however, in these cases, the dominant form of momen-
halos. The approach taken herein is straightforward and ef-tum transfer is via particles changing halo membership¢tvhi
fective when the halo catalogs have already been calculated is substantially more difficult to model correctly. Nondtss,

We detail the equations used in this model in the next two sec-even though we do not model this process, the average veloc-
tions; first for predicting bulk halo motion (84.2), and sedo ity errors are still quite reasonable, as demonstrated irir§6

for predicting tidal disruption of halos into a more massive our tests, the choice efhad little impact on how well posi-
host (84.3). Detailed tests of the model accuracy are ptegen tions and velocities were predicted, with the defauit 0.2

in later sections of the paper (86.1 and §6.2). performing marginally (<5% better errors) better on averag
thane = 1.
4.2. Gravitational Evolution for Predicting Most-Massive Thus, the full force equation becomes
Progenitors

In predicting halo motion between successive timesteps, we |Fi2| = GMNFV\;(r’ rs.l,PO,;)er.Z’ 3)
make a few simplifying assumptions. First, we assume that r2+(ervir2)
the kinematics of dark matter halos are principally affélcte 5 the contribution to the acceleration of the second Isalo i
only by the positions and mass profiles of other dark matter
halos in the simulation. While this assumption breaks down a AZ = _GMnrw(r,rs1, p01) . )
the very highest redshifts, it remains remarkably accumate 2 2+ (eryir 2)2
halos at currently-observable redshifts (out to at leastl0; o o -
see §6.1). To additionally reduce the complexity of our gode We do not find it necessary to introduce additional terms for
we approximate individual halo mass distributions by figtin ~ dynamical friction, even on the order of timesteps which are
spherica| NFW proﬁ|es (Navarro et al. 1997)' Thus, each 300Myr, a_S It remains a §_ubdom|nant source of error in terms
halo is fully described by a position vector, a velocity wect  Of calculating halo velocities. _
a scale radiusr{), and a characteristic densitygj. Again, ~ While the most straightforward way to predict halo loca-
while this assumption is incorrect in detail, it nonetheless  tions would be to evaluate forces between every pair of ha-
mains remarkably accurate for tracking halo motion betweenlos, this would requiré(n®) time to compute. This becomes
consecutive timesteps (86.1). prohibitive for today’s best simulations (where the numdfer
Using the positions, velocities, and halo profile informa- halos isn > 10°), so we describe an approach to restrict the
tion for halos at one timestep, we may predict the positions computation time to roughl§?(nin(n)).
and velocities of their most-massive progenitors. We apply For a desired accuracy in halo velocitiesv) and a given
Newtonian gravity to halos embedded in the standard FLRW timestep length 4t), we need only calculate accelerations
expanding coordinate system. In the usual formula, theeforc (Aa) for nearby halos; namely, those which satisha >

between two halos would be: Av/At. To first order, given Eqgn. 4, a halo will accelerate
GM;M, nearby halos only as a function of the separation distance:
|Fioel=—5—. 1)
' Aan M (5)
Wherer is the distance between halo centers. We approx- r2

imate the mas#l; as the dark matter bound to the first halo
within a radiusr of its center, subtracting the mass of sub-
halos (if any). Once the NFW parameters are determined for

We may then define a cutoff distance beyond which we need
not calculate the gravitational effects of a given halo:

the halo in question, this may be calculated by integratieg t GM
NFW profile out to the desired radius: Feutof(Mvir) = vir (6)
Av/At’
"rg r\ ? )
Muew(r, fs,po):47fpo/o T (1+r—s> redr as the given halo will not affect the velocities of other fsalo

beyondruoif by more than the desired velocity accuracy. Us-
=47 por? [In (1+ L) _ T ] ) ing binary space partitioning (BSP) trees to efficientlyessc
r+re halos by locatior},we thus limit the amount of work we have

to do for each halo to be proportional to the number of halos
within a distance . Profiles of our implementation sug-
gest that the work required to build and access the BSP sees i
much larger than the work required to calculate gravitation
forces, which results in a runtime which scaleg¥aln(n)).

We find that setting a velocity tolerance Afv = 5 km s*
and using leapfrog integration is more than adequate for the
purpose of tracking halos; this results in a systematic finif

Is

In addition, we note that subhalos have a steadily decreas
ing gravitational influence on the bulk motion of the host as
they approach the host’s center, due to their overlappirggma

distributions. Because subhalos are often much smaller tha
their host, we find it sufficient to introduce a softening léng

of a fraction €) of the virial radius to avoid this problef.

3 A future paper may explore integration with halo finders idesrto im-

prove halo identificatiorin situ as the halo catalogs are being generated. predicted halo positions of at most 5 pc My(see also §6.1).
4 Note that as dark matter halos are extended and non-rigidnakion

of the “force” between two halos is somewhat ambiguous. i ¢ase, we i

define the force on a halo to be the acceleration of its cemestthe virial 4.3. Tidal Forces and Mergers

mass of the halo so that the expected equdfienmastill holds.

_° We take the virial massMyir) and radius ;) of a halo to be defined 6 BSP trees are a supersetlaf-trees. In the latter approach, the size

in terms of the virial spherical overdensit\(i) with respect to the mean  of the refinement volumes is generally fixed at a given refimertevel. In

background density as given by Bryan & Norman (1998). I, = (1872 + our approach, the size of the refinement volumes shrinkséotlgxcover the

82x-39) /(1+x); x= (1+par (2 /pm(2) -1 enclosed elements, yielding slightly better memory usagkagcess times.
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In the case where a halo does not match up to the predicted We first discuss some basic methodology in terms of linking
locations of potential descendants, it may either be a haloprogenitors and descendants (85.2) and then discuss the two
which briefly fluctuates above the threshold for halo detec- stages of our algorithm (85.3 and 85.4).
tion, or it may be a halo which merges into a larger halo at the
next time step. Some indication of which of these two fates
occurred may be obtained via an estimate of the tidal field at
the center of the halo in question, i.e., the spatial devigatf
the acceleration field (see Eq. 4). To leading order, the tida
field exerted by one halo on another will be:

da GMyew(r,Ts1,00.1)

5.2. Linking Progenitors and Descendants

Underlying our approach for repairing merger trees is the
observation that iMCDM, halos do not spontaneously ap-
pear with large masses; instead, they are built up from smoot
accretion and mergers of smaller halos. This implies that ev
ery halo hasat leastone progenitor at the previous timestep

ar 3 (1) (although the mass of the progenitor may be too small for
] ) ) the halo finder to recover it). If we trace a halo backwards

In particular, we find that a simple threshold cut on the o jts expected location at the previous timestep but do not
value of |T| reliably separates halos which could reasonably fing a progenitor there, we may conclude that the halo catalog
undergo mergers from those that could not (see §6.2 for vali-is incomplete. If we find a match in the halo catalogs after
dation). tracing the halo backwards for a few more timesteps, we may
interpolate the intrinsic halo properties (e.g., halo mass,
HALO CATALOGS AND MERGER TREES etc.) between the timesteps and assign positions and veloci

i ties based on the best estimates of the gravitational eévolut
5.1. Overview algorithm (84.2). However, if we do not find a good match,

In this section, we assume the existence of halo catalogs fomwe may either conclude that the halo is small enough to have
every output timestep of a dark matter simulation. Particle justformed or that the halo is a spurious detection and shoul
based merger trees are required for calibrating the meatric f be removed.
calculating likely progenitors; however, as such, they do n The same is not true if we were to perform the gravitational
need to be computed for the entire volume of the box, nor doevolution in the opposite direction (i.e., forward). Sirces
they need to be especially robust. As we demonstrate at theecommon for halos to merge together, the absence of a unique
end of §5.3, using merger trees based on only the 250 mostdescendant is not immediate evidence for an inconsistency i
bound particles gives identical final results in our appho@e ~ the halo catalogs. Knowledge of the tidal forces does help
using merger trees based on the trajectories of all pastinle ~ with this ambiguity, but many subhalos temporarily disagppe
each halo. just when they pass by the center of a larger halo—just where

The consistency method that we adopt is by no means thehe tidal forces are the strongest. For that reason, morestob
only one. Nonetheless, our gravitational method has skverastatements about the consistency of the halo catalogs can be
unique advantages: made if the gravitational evolution is performbdckwards

i.e., from each timestep back to the next earlier one.

1. Missing halos may be fully reconstructed, with con-  Across timesteps, many halo properties are expected to
sistent positions, velocities, and halo properties, along change slowly (€.9V¥max Mvir, Riir, and angular momentum)
with quantifiable error estimates for the reconstruc- or predictably (e.g., position and velocity). These preiper
tions. may then be used to tell whether a given halo has a reason-

. . . . able progenitor in the catalog. To calibrate what is conside
- Merger tree links are assigned a natural likelihood esti- «e550nable,” we use particle-based merger trees to disterm
mate. Particle-based links between halos which are t00he accuracy of our predictions for progenitor propertiss a

x|T|=

5. A GRAVITATIONALLY CONSISTENT METHOD FOR REPAIRING

far apart in position, velocity, or mass may then be cut
and reconnected to more likely candidates.

. The resolution limit of the simulation—i.e., the parti-
cle number below which halo properties are no longer
reliably calculated—becomes explicitly quantifiable in
terms of the errors induced in the position and velocity
of halos.

. The method subjects the general reliability of the halo
finder to an independent check; different halo finders
may then be compared on an even footing to evalu-
ate how self-consistently they recover halo properties
across multiple timesteps.

. The method provides a clean way to distinguish be-
tween subhalos which are tidally disrupted at the next
timestep and subhalos which are instead lost by the
halo finder, which would otherwise have an identical
particle-based merger tree.

7 The coefficient of proportionality varies from 6-10, undee aissumption
of NFW profiles, and depends only weakly on the distance baivtiee two
halos.

compared to the actual progenitor properties in the treks. T
characteristic errors in predicting positior), velocity (r),
andvmax (Tvmay) Yield a natural distance metrid,® In partic-
ular, if we denote the expected progenitor properties with a
subscript and those of a candidate progenitor by subsipt
we have:

)2

This gives a natural ranking for candidate progenitors, as
well as a natural way to supply a threshold (i.e., maximum
acceptable value for the metric) for physical consistency.

Of course, there are many ways of determining characteris-
tic scales for errors. In our code, we choose to take the sum
of the average error and the standard deviation of the esror f

Vmaxe

R | [T, 100

2 2 2
27 272 2T max

Vmaxc

d(e,c) = (8)

8 We expectMy;; andRyi to be highly correlated withimax, €xcept in the
case of subhalos, where they are harder to predict and aosrstyg yield
less accessible information thamax. Thus, we exclude them from direct
consideration in our metric. In a future revision of our code may add
support for angular momentum comparisons between halosjédo not do
S0 at present because this property is not yet reported bylalifinders.
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HALO MERGERTREEALGORITHM

©

2. Gravitationally evolve the positions and velocities o
of all halos at the current timestep back in time to
identify their most likely positions at the previous
timestep.

1. Identify halo descendants using a traditional par-
ticle algorithm.

O‘ o
o X
3. Based on predicted progenitor halos in step (2),6. d.o

cut ties to spurious descendants.
(o]

e X0

o
4. Create links for halos with likely progenitors at

the previous timestep for cases in which step (2) ha
identified a good match.

5. For halos in the current timestep without likely

progenitors, create a new halo at the previous®
timestep with position and velocity given by the evo- X
lution in step (2). Remove any such halos generatec u

from previous rounds if they have had no real pro-
genitors for several timesteps.

6. For halos in the previous timesteps which have

no descendants, assume that a merger occurred inff
the halo exerting the strongest tidal field across it at
the previous timestep. If a halo with no descendan U

Is too far removed from other halos to experience a
significant tidal field, assume that it is a statistical
fluctuation and remove it from the tree and catalogs.

FIG. 1.— A visual summary of the first stage of the merger treerélyo.

position and velocity (e.gax = (|AX|) +oax) because this  both the average error and the standard deviation of the er-
yields increased robustness against unusual probahgity-d ~ ror are always within a factor of two of each other. We find
butions. Yet as might be expected, in practice, we find thatadditionally thatr, andr, have a dependence on halo mass;
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we account for this by binning halos by 0.25 dex in mass and halo massNI > 10**M.,) being clearly spurious in this
then calculating andr, separately for each bih.For esti- way, with a direct correlation to the timestep length.
matingvmaxe iN EQ. 8, we can calculate the fractional change Such links are almost always cases where the most-
iN Vmax OVer each timestep in the same mass bins. We then massive progenitor was misidentified or mis-linked in
may takerymaxto be the standard deviation of the logarithmic the particle-based merger tree—and hence, those halos
change invmax across timesteps as a function of mass (i.e., may have different descendants as mentioned in the pre-
UlOgm(AVmax)(MVir))- vious item.

Note that defining the metric in this way has the unique
advantage that it is not necessary to calculate partickeda Then, for all halos at, without progenitors, we scan for po-
merger trees for all halos. If the trees are available foneve tential progenitors among all the halos without descersiaint
small portion of the simulation, that is sufficient to cakutel tn-1. To do so, we rank potential progenitors by likelihood ac-
the distance metric (that is, the valuesgf 7, and rymay cording to the metria(e, c); if any potential progenitors are
which applies to the entire volume. This feature makes ourfound within a predetermined threshalgacn the one with
algorithm suitable even when particle IDs are not stored for the highest likelihood is assigned as the most-massive pro-
all particles or when particle IDs are not consistent actoss  genitor of the halo in question. We Sttaicn= 15; for all of
entire volume (as in tiled simulations). our tested combinations of halo finders and simulation codes

this still restricts progenitors to be well within the virradius
5.3. Stage One: Fixing Links and Filling in Missing Halos  of their descendant.

As described in the previous section, every correctly- With BDM, we find that this procedure is not sufficient for

identified halo must have a progenitor at the previous SOMe outlying cases. In particular, we find that the halo-

timestep, except for those halos whose progenitors arevbelo [Inding algorithm used iBbm has occasional trouble locat-

the mass-resolution limit of the simulation. As such, we be- INd centers of massive objects. In cases where multipleedens
gin by evolving the halos at one timestep) (backwards to peaks are present within an overdense region (as is the case

the previous timestefin(1) to predict the properties of the ex-  With major mergers)Bbm may switch between those peaks
pected most-massive progenitor. As explained in the pravio 1N SUccessive timesteps when it attempts to determine halo
section, these predictions in combination with the paeticl Properties. As such, massive halos may in rare case¥
based merger trees allow us to calculate a mettic) to of merger tree links) switch to a new location up to a virial

evaluate the likelihood that a candidate halat timesteft, radius away for dozens of timesteps or more (see also, e.g.,
is the most-massive progenitor of a halat timestepn1— discussion in Wetzel et al. 2009). These cases are obviously

i.e., that the connection dink betweerc ande is physically not physical—but even so, it is impossible to call one of the
reasonable. centers more “correct” than the other without a careful phas
Once calculation of the metric is complete, we break all po- SPace analysis. Becausem and many other popular halo

tentially problematic links in the particle-based mergees.  finders do notfind halos in phase space, we have chosen to ex-
These include: plicitly allow an exception for such cases in our mergerdree

As such, for those halos which still do not have physically ac

1. All links where the metrial(e, ¢) is above some prede- ceptable progenitors, we allow a progenitor to be matched at
termined thresholdpreax We chooSElyreak= 3.2, which the previous timestep if a) it is within the virial radius it
results in 1-2% of all particle-based links to be broken descendant halo, and b) if itgax iS Within Vmaxbreak= 0.15
in the Bolshoi simulation. dex of the descendant halo.

Even so, some halos & will still have no progenitors;

2. All links where the progenitor is not the most-massive for these halos, two options remain. Either the progengor i
progenitor of the descendant halo. This affects 2—3% missing from the halo catalog at the previous timestep, @r th
of all halo links in the Bolshoi simulation. These links progenitor has fallen below the mass-completeness limit of
can be problematic in two cases—either a) the descen-the simulation. Determining which option is correct regsir
dant halo was not identified by the halo finder, or b) the analysis of earlier timesteps—however, for large simatati
descendant halo identified in the particle-based mergerlike Bolshoi, only a few timesteps may be able to fit into mem-
trees is a host halo containing the actual descendanibry simultaneously. To allow for a more flexible analysis, we
halo. Hence, it is important to consider all options for create a placeholder halo, callegplaantom halpin the halo
descendants of these halos before concluding that theycatalog at timeste-; for each halo remaining &t without
represent tidal mergers into the most massive host. a progenitor. Phantom halos may be created at several suc-

) ) o cessive timesteps to allow for cases in which the halo finder

3. Alllinks where the most-massive progenitor is beyond |oses track of a halo for multiple timesteps; this latterecas
a predetermined ratio iNir O Vimax from the descen-  most often occurs for major mergers. However, to avoid spu-
dant halo. We choosir preak = 0.5 dex ant/maxpreak  rious links between accidentally coincident true and pbant
= 0.15 dex; this affects 2% of all particle-based links in hajos, we cease tracking phantom halos beyond a predeter-
the Bolshoi simulation at= 0 for ROCKSTAR increas-  mined number of timestefishan. For Bolshoi, we find that
ing to 4% (depending on halo mass) at very high red- tracking phantom halos for up to four timesteps is sufficient
shifts where the mass accretion rate is higher. In con-tg patch over the vast majority of cases for missing halos.
trast, forsDM, the limited number of particles used to  For halos at,_; which still have no descendants, there are
determine links (250) results in 10-20% of links at high 3|50 two options. Either they are not the most-massive pro-

5 This results in an ambiguity in £q. 8—e.q., should one 5éye) genitor of their descendant (i.e., they are tidal mergess),
or 7x(Myirc)? Arguments can be made for a‘nd',against both choi/clzrées, with they are spurious fluptua_t|o_ns in the halo catalogs. We use th
neither one being obviously superior. Computationallywéxer, it is easier  formula in Eq. 7 to discriminate between these two cases. In
to choose (as we do) to use the expected properties &y ¢))- particular, we find that a tidal acceleration field belpW =
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0.3-0.4 km ' Myr™ comoving Mpc? is a robust indicator fewer thantyackedsubs timesteps. Ordinarily, one might
that a tidal merger is extremely unlikely (see §6.2). As such expect all such halos to be spurious, but it is conceivable
halos above that threshold are assigned descendants accord that a halo might form outside the virial radius of a host
ing to the halo exerting the largest tidal field; halos belbat t and be accreted in between timesteps if the timesteps
threshold are deleted from the catalogs. This method agrees are sufficiently far apart. We find that a threshold of
in over 95% of cases with the original particle-based merger tirackedsubs= 10 removes an additional 0.1-0.4% of ha-
trees (see 8§6.2), the remaining cases being those where sub- los at all timesteps in the Bolshoi simulation f@bm
halos were incorrectly merged into their host in the paaticl and 0.1% folROCKSTAR

based trees. ]

A graphic summary of the most important steps of this al- We note that the default parameters are chosen to be fairly
gorithm is shown in Fig. 1. As compared to the raw particle- lax: Bolshoi has 180 timesteps, so it should be expected that
based merger trees for tBem halo finder on Bolshoi (which ~ MOré massive h_aI(_)s.shouId be tracked for a large fraction of
used only 250 particles to track mergers) this stage of the al this number. This is in fact the case for our merger trees (see
gorithm, 10-20% of links at each timestep need repairs for 36.3). Nonetheless, as opinions may differ for what consti-
halos withM > 1013M., and 5% are repaired for halos with tutes “physical” values for the number of timesteps tracked

M < 10°W., these are largely halos where the progenitor 21 = Tecton ofhariombalos e o remavehelo ek
was clearly mis-identified in the particle-based trees. By ! P

comparison, in the particle-based treesHOICKSTAR (which mat of our merger trees is such that users may easily imple-

; . ment more stringent tests depending on their needs.
used all halo particles to track mergers), only 2—3% of links : ) A :
at each timestep are changed. During the clean-up stage, we also finalize halo properties

for surviving phantom halos. These remaining phantoms con-
5.4. Stage Two: Cleaning Up Halo Tracks nect a real progenitor halo to a real descendant halo over one
. . . or more timesteps when the halo is missing or inconsistent in
The main effect of the previous stage is to create new halose pa|q catalogs. The positions and velocities of the mimant

where there are gaps in the halo catalogs. However, comparag g are taken from the gravitational evolution algoritinm

tively Lew haI(()js aré rehmoved—.only tho§|_ehwh]icch havE no Ob'l §4.2. The masses and almost all other properties are taken
vious descendant at the next timestep. Thus far, we have only,s |inear combinations of the properties of the progenitar a

been concerned with the physical validity of individuald®l  jescendant halo. The only exceptions are properties which
as opposed to full halgacks—that is to say, the lineage of 516 35 mass to the one-third power (e.g., the halo radélis an
Ir'T::l(')tSt-TﬁSISIVte p:(ogentltor(;s f:)hr a %lven halé)' Checkln%&hehva-vmax); for these properties, their third power is linearly inter
Idity of halo tracks extends the phase-and-mass-Spat&sne — ,,|ateq instead so as to remain consistent with the halo mass

of tthe prewoui SleCt'.??hW'th tlemporal c?ecksf—ei_g., It taﬂow interpolation. Some caution is necessary in interpretiogp
us to remove halos It they only appear for a few Umesteps IN g tiag of phantom halos: for example, a halo could truly lose

Lhel catalo%s. To comdplete the rhemoval of sp}urioglsly-dgtb(r:]t ([mass at one timestep (thereby dropping below the detection
alos, we detect and remove three types of problematic halgy, eshold) and then gain mass at the next. This would result

tracks: in the interpolated properties overestimating the massened

1. Halos whose lineage of most-massive progenitors con-0f the halo at the missing timestep; for that reason, we lylear
tains more than a fractioripnan Of phantom halos. mark all phanto_m halos in ourgatalogs SO0 that itis easy to tel
Halos with too many phantom progenitors are usually If they have an impactin any given calculation. e
those which are on the bare threshold of detection. For_ We summarize all the parameters used in our algorithm in
more massive halos which meet this criterion, it is ex- 1able 1. While the number of algorithm parameters may seem
tremely unlikely that they represent valid detections; 1arge at first glance, this is a reflection of the large number
the vast majority of those that do are subhalos passingOf physical sanity tests which our approach enables in terms
close to the center of larger host halos which have beenOf excluding unphysmal halos. The fact t_hat some halos falil
incorrectly assigned particles from the host. We choose €ach of the sanity tests for reasonable fiducial values of the
fohant = 25%, which removes about 0.1% of halos at all parameters suggests that (at least with current halo fl)thIimr_s
timesteps in the Bolshoi simulation faocksTARand integrity of_the merger trees would otherwise be comprothise
0.3% of halos at all timesteps fepm. by unphysical halo tracks.

2. Halos which are tracked for fewer thafacked 6. TESTS OF THE_METHOD _
timesteps. Again, for massive halos, it is extremely un- 6.1. Tests of Gravitational Evolution

likely that they represent valid detections ifthey are not  pegpite the complexity of the underlying particle distri-
tracked beyond a few timesteps. However, for smaller pytion for dark matter halos, the approximation of spher-
halos and earlier redshifts, setting this threshold too low jca| halos with NFW profiles appears to work remarkably
can lead to removal of legitimate halo tracks. We find e, Figure 2 shows a comparison of the predicted progenito
thata value ofirackeq= 5 represents a good compromise, halo properties with the actual progenitor properties s
removing 0.2—-0.5% of all halos across all timesteps in mined from particle merger trees). Figure 2 demonstrats th
Bolshoi for both halo finders without adversely affect- the gravitational evolution code can evolve halos from one
ing halo accretion at early times. timestep to another with tightly-controlled positionatas

3. Subhalos whose tracks do not extend outside of the@n the order of the force resolution (1 kht') and velocity
virial radius of their host and which are tracked for €rrorsranging from 2-50 kns depending on halo mass, for
Bolshoi with therocksTAR halo findert' For BDM, similar

10 A future version of the merger tree code will allow all sucmditions
to be specified in terms of a length of time, rather than a nurb@mesteps. 11 See Appendix C for a comparison with teeBFIND halo finder.
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TABLE 1
SUMMARY OF ALGORITHM PARAMETERS

Variable Chosen Value Description Section
Softening Tength (in units of the host virial radius) for Balps’ gravitational influence on their
€ 0.2 host, §4.2
dbreak 3.2 Threshold for breaking links in the particle-based mergars according to the distance metric§5.3
Omatch 15 Threshold for considering a proposed link acceptable aaogrto the distance metric. §5.3
Mo 0.5 dex Threshold for breaking most-massive progenitor links & thass ratio of progenitor and de-§5 3
vir,break : scendant exceeds this value. :
Threshold for breaking most-massive progenitor links & ¥hax ratio of progenitor and de-
Vimaxbreak 0.15 dex scendant exceeds thisgvalue. prog preg 85.3
aigal 0.4 km st Myr~ cmvg Mpcl  Threshold for the tidal field to consider a tidal merger pbgtty acceptable. §5.3
fphant 25% Threshold of acceptability for the fraction of time a haladk may contain phantom halos. §5.4
tohant 4 Number of timesteps to calculate expected phantom haldidosa 85.3
Minimum number of timesteps a halo can exist in the catalogsrder to be considered
ttracked 5 physical. 85.4
Minimum number of timesteps a subhalo can exist in the cgsaio order to be considered
ttrackedsubs 10 §5.4

physical.
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FiG. 2.— Conditional density plots of the errors between thesetg po-
sitions and velocities of halos (obtained via gravitatiomeolution from the
subsequent timestep) and the actual values in the halmgadala function
of halo mass. These plots show the errors for one timestépda$2 Myr
at z= 0, using the Bolshoi simulation and tre®cksTARhalo finder. Su-
perimposed over the density plots are red lines showingitiead average
of the errors; blue dashed line in the positional error glop) indicates the
force resolution. The bifurcation in positional errors @vlmasses is due
to shot noise in locating halo centers; see text. The linearage is signifi-
cantly offset from the median for velocity errors due to ajdail in the error
distribution. The “V”-shaped feature in the error disttion is due to how
ROCKSTARcalculates velocities for halos with low particle numbeese text.
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FiG. 3.— Comparison of errors at different timesteps for H@BCKSTAR
halo finder on Bolshoi. Positional errors (in real distareeppposed to co-
moving distance) appear to be mostly independent of redsliiereas veloc-
ity errors do not. The velocity errors at later redshifts m@uced due to the
reduced merger frequency. For the most massive hilos (0Mg), there
is a clear break in the positional errorsaat- 0.8; this is because the timestep
length doubles foa < 0.8, which suggests that velocity errors are largely re-
sponsible for the resulting positional errors at these smsall halo masses
(M) are in units oM.

results are obtained albeit with higher position and v&joci
errors by a factor of 1-5, which are detailed in Appendix A.
In the Consuelo simulation, we find similar results, withipos
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and shorter dynamical times (relative to the timestep lengt
ForBDM, the velocity errors are elevated (2—100 ki) snde-
pendent of redshift, by a factor of 1-5 as comparedd@k-
STAR (see Appendix A). These errors suggest either a poten-
tial weakness in calculating halo velocities Bwm or a better
ability for ROCKSTARto recover halo velocities due to its use
of additional phase-space information.
We note some interesting features in the position/velocity
errors at low particle counts in Fig. 2. For halos with lesath
50 patrticles within the virial radius, it can be very diffitul
= to determine the exact location of the halo density center. |
] many caseROCKSTARpicks the same particles to determine
P ML the density center across timesteps. Due to shot noise in the
10" 102 105 10 105 particle densities, it sometimes picks a different set afipa
M, [M] cles, leading to a jump in the halo center across timesteps.
" This leads to a bifurcation in position errors for low paeic
FiG. 4.— A conditional density plot of the tidal force acting RDCKSTAR counts U, < 1010M@) in Fig. 2. In all cases, however, the
halos in Bolshoi az= 0.01. The grey density plot shows the tidal force acting  position errors are much smaller than the virial radii of the
on most-massive progenitors (i.e., halos which do notltidqakrge), and the halos in question.

e eyt o e e scongonyrong ko G il erestingfeature is the “V-shape i the veli
terms of differential acceleration (kr'sMyr~1) per unit distance (comoving ~ €ITOr distribution foIROCKSTAR This occurs becauseck-
Mpc); the dotted line represents our classification thriesFar physically- STAR shifts from averaging the mean velocity of particles
acceptable tidal mergers. within 0.1R;; (the “core velocity”) to averaging all particles
within the halo (the “bulk velocity”) for halos with low par-

ticle numbers. As discussed in Appendix C and in Behroozi
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Ir AN ] et al. (2011), the core velocity is less self-consistent e
0.98- / - bulk velocity across timesteps; however, using the corecrel
i / 1 ity gives better consistency with the motion of the halo eent
0.961 -\\ II 7 across timesteps. Thus, the velocity errors decrease fdr mo

erate (500-particle) to low (100-particle) mass halos,chhi
] corresponds to a slight increase in the position errors over
- that same range. For very low mass halad Q0 particles),
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Identical Descendant Fraction

0.92

/ the velocity errors increase again due to sampling noise.

0.9+ —a=10 7

0.88- Az 825 ] 6.2. Tests of Tidal Force Calculations

r Figure 4 shows the maximum tidal fields as calculated
os T for tidally merging halos and non-tidally-merging halog (j

10° 10 102 10° 10t most-massive progenitors). While it is clear that tidaldsel
My, Ml above a certain threshold do not necessarily imply a merger,

there is a clear threshold in the tidal field below which a

FiG. 5.— Fraction of merging halos for which the merger targétudated merger is very unlikely to happen. However, this is entirely
via the tidal force method matches the merger target in thecjgabased halo sufficient for our algorithm to function—as the halos at the

merger trees for Bolshoi, using thecksTarhalo finder. next timestep are used to determine the halos at the current
tion errors on the order of the force resolution; see Appendi fimestep which are most-massive progenitors, the remginin
B for details. halos without descendants at the current timestep musreith

Figure 3 shows the scaling of position and velocity errors Pe tidal mergers or statistical fluctuations, and thus a out o
with redshift for Bolshoi with thekocksTaR halo finder. In ~ the magnitude of the tidal field is all that is necessary te dis
Bolshoi, the timestep outputs are not equally spaced; theey a tinguish them. . _ .
between 80-92 Myr before= 0.81 (and 40-46 Myr afterthat !N terms of our ability to predict the target for tidally merg
scale (Klypin et al. 2011)). For massive halos, positiomal e ing halos (i.e., the halo into which the merging halo dissi-
rors scale most predominantly as a function of timesteptleng  Pates), choosing the halo which exerts the strongest tielel i
(suggesting velocity inconsistencies as the most likey re ©n the halo in question gives results which are in excellent
son), whereas for smaller halos, positional errors are fixed@dreementwith particle-based merger trees, as shown in Fig
closer to the force resolution; these errors result in ptedi ~ Ur€ 5. The main disagreements come in cases where a sig-
halo progenitor locations that are well within the viriatiias ~ Nificant fraction of a subhalo’s particles are stripped leetw
of their actual progenitors across all masses. one timestep and the next, resulting in the subhalo’s descen

Velocity errors forROCKSTAR are somewhat independent dant being assigned to its host halo instead of the remaining
of timestep length, and are on the order of 2-30 Knat subhalo core. As may be expected, this effect happens more
z=0—that s, fractional errors on the order of 0.5-3% in halo frequently for smaller halos.
peculiar velocities—depending on the mass of the halo. How- .
ever, they rise substantially at higher redshifts. Thisldou 6.3. Tests of Halo Tracking
be due to a number of effects at high redshift, including One of the most important tests of any merger tree is the
higher major merger rates, increasing velocity dispession degree to which it correctly follows halo progenitors bagk i
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FIG. 6.— Fraction of Bolshoi halos at= 0 tracked to a given redshift for
the ROCKSTARalo finder, as a function afnax. Compare to the analogous
figure in Klypin et al. (2011).

02— 7T T T T T

time. We have imposed stringent cuts on the physicality of
halo links, but it is important to show that these cuts do not
truncate otherwise correct halo tracks in the merger th&fes.
demonstrate our ability to track halos back to early redshif
Figure 6. Clearly, halo tracks will end when the most-massiv
progenitor of a halo falls below the resolution limit of the
simulation. We recover similar tracking statistics at tlo&%
threshold as compared to the advanced particle-basedrrees
Klypin et al. (2011) (e.g., 50% afnax ~ 200 km s* halos are
tracked toz=7 in Klypin et al. 2011, whereas we track the
same fraction halos tb= 8.3)—these fractions correspond to i
the expected mass accretion histories of such halos. Howeve Y e L e
as compared to Klypin et al. (2011), we have vastly higher re- 01 02 03 0405 06 07 08 09 1
sistance to numerical issues; for example, we track 90% of

Vmax ~ 200 km s' halos toz = 6.3, whereas KIypln et al. FIG. 7.— The fractional changes in the mass function for Bolshith
(2011) tracks the same fraction @fax ~ 200 km s halos the RocksTARhalo finder for phantom halos added (upper panel) and halos
only toz=1.0. removed (lower panel). The lower panel excludes phantowshahich were
added and later removed; as such, it represents a congistieeck for only
. the halos returned by the halo finder. The number of halosdabdgieour
6.4. Effects on the Halo Mass Function consistency algorithm is roughly equal to the number of iaeleted, and

- both are small in comparison to both the total number of hatmkthe number
With so many ways to add and delete halos from the MErYeros subhalos across all masses. Towards the halo resolirmdnthe number

tree and catalogs, it is important to check the effects on theof spurious halos and the number of phantom halos necessétyin gaps

0.15-

M ~ 10"

©
i
|

Fraction of Halos Removed
o
o
ok
|

overall halo mass function. In the case ROCKSTAR on in the merger tracks increases. All halo massésdre in units oM.
Bolshoi, the number of added halos (phantoms) and deleted ) ) )
(inconsistent) halos is on the order of 0.5% for 1 com- We remark that, while the current implementation of our al-

pared to the total mass function; additionally, the numiier o gorithm only allows us to directly test the consistency ofipo

added and deleted halos are comparable across a wide rand®ns and velocities, it is in fact possible to use our algoni

of halo masses, as shown in Figure 7, so that the net effect orio test the accuracy of halo masses and subhalo masses

the overall mass function is almost negligibiom also per-  correct for systematic bias thereifNamely, one can either

forms well; the number of deleted halos is in the 1-2% range search directly for systematic alignments of velocity esro

(as shown in Fig. 8), with also 1-2% added phantom halos. (i.e., differences between predicted and actual halo iteey
Interpreted in a different way, these numbers imply that towards nearby halos, or one can simply adopt a parametriza-

the raw halo catalogs frorROCKSTAR are internally self-  tion for the systematic bias in halo masses and search for a

consistent at better than the 1% levelzat 0, and nearly as  fit which minimizes the velocity errors. We reserve this topi

well for BDM. As discussed in Appendix B, the results are for a future paper, however, as a careful calibration and un-

very similar for the Consuelo simulation, with tRecksTar ~ derstanding of the gravitational force formula is necessar

halo finder being self-consistent at the0.5% level across ~ confirm that the acceleration calculations do not suffemfro

all halo masses. While these numbers cannot be directly in-more systematics than the halo mass calculations.

terpreted as the accuracy of the mass function, they djrectl

represent therecisionwith which each halo finder can re- 7. CONCLUSIONS AND DISCUSSION

cover the mass function. Nonetheless, the precisionddesin ~ We have developed a new algorithm for creating halo

rectly set a limit for the accuracy of the halo finder at a given merger trees which explicitly ensures dynamical consesten

timestep; it is worth noting that the precision of both halo of halo properties across timesteps. Our method has several

finders is significantly better than the current 5% statidtic advantages which when combined provide excellent robust-

uncertainties in the halo mass function (Tinker et al. 2008)  ness and tracking of both halos and subhalos:
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FIG. 8.— The fractional changes in the mass function for Bolshith
the BDM halo finder for halos removed. As in Fig. 7, this figure exckide
phantom halos which were added and later removed; as suelprésents a
consistency check for only the halos returnedgBmm. As with ROCKSTAR
the number of halos requiring removal is small compared tb bte overall
mass function and the number of subhalos. All halo maddgsie in units

of Mo .
1. The ability to more accurately track halos than particle-

based merger trees.

. The ability to explicitly evaluate the precision with
which the halo finder can recover halo positions and
velocities.

. The ability to correct for halo finder incompleteness by
adding halos with gravitationally consistent properties
to the halo catalogs.

. The ability to correct for incorrect tidal mergers in
particle-based trees.

sence of full particle tracking; in addition, the ability to

. The ability to construct merger trees even in the ab-

13

This ability applieswithin timesteps as well, which has rele-
vance for semi-analytical models (of, e.g., reionizatiwhjch
may require information about halo properties at many more
timesteps than are storable from the simulation. Our afgbroa
allows for effectively infinite timestep resolution in tesnof
individual halo properties; in addition, because tidalcks
are calculated in each step, it becomes possible to esttheate
timing of halo mergers and thereby recover all the infororati
which is lost by saving fewer snapshots from a simulation.
The merger trees and halo catalogs thus generated are use-
ful not only for improved cosmological predictions from sim
ulations, but because of the improved tracking performance
they are also useful for precision predictions of a wide eang
of observables related to merger trees: the galaxy-galaxy
merger rate, the dynamical friction timescale of subhalos,
halo mass accretion histories (especially as functiongef e
vironment and assembly time), and semi-analytical / semi-
empirical models of galaxy formation; several studies expl
ing these predictions are already in progress.

This research was supported by a NASA HST Theory grant
HST-AR-12159.01-A, by the National Science Foundation
under grant NSF AST-0908883, and by the U.S. Department
of Energy under contract number DE-AC02-76SF00515. We
would like to thank Darren Croton, Rachel Somerville, Yu Lu,
Oliver Hahn, Tom Abel, Markus Haider, and Joanne Cohn for
useful discussions. We also thank the LasDamas Collabora-
tion for input on the Conseulo simulation, which was run on
the Orange cluster at SLAC. The Bolshoi simulation was run
at the NASA Ames Research Center. We gratefully acknowl-
edge the support of Stuart Marshall and the SLAC computa-
tional team, as well as the computational resources at SLAC.

construct merger trees even when particle-based merger

trees are available only for a small region of the simu-
lation.

. The ability to remove halos which fail any of a large
number of sanity tests (gravitational inconsistency/tida

inconsistency, tracking inconsistencies) to increase the

purity of the resulting merger trees. In addition, the
ability to uncover previously unknown problemsin halo
finders.

. The ability to explicitly evaluate the self-consisternty
the mass function returned by the halo finder. In the
future, the ability to explicitly evaluate the accuracy of
the mass function returned by the halo finder.

The code used is publicly available
htt p://code. googl e. coni p/ consi stent -trees.

at

This algorithm has been used to create merger trees for two

simulations, the Bolshoi simulation (20%garticles in a 250
h™Mpc box) and the Consuelo simulation (14@@rticles in
a 420h~*Mpc box), and have additionally compared two halo
finders DM and ROCKSTAR) on the Bolshoi simulation.
The halo finders perform similarly for many instances, and
self-consistency is problematic only at the 1-2% level for
both.

The defining feature of our algorithm is the ability to pre-
dict the evolution of halo locations, velocities, and pnajes.



14 BEHROOZI ET AL

REFERENCES

Allgood, B., Flores, R. A., Primack, J. R., Kravtsov, A. V.gdhsler, R. H.,
Faltenbacher, A., & Bullock, J. S. 2006, MNRAS, 367, 1781

Allgood, B. A. 2005, PhD thesis, University of Californiaai@a Cruz,
United States — California

Behroozi, P. S., Wechsler, R. H., & Conroy, C. 2012, arXi@15105

Behroozi, P. S., Wechsler, R. H., & Wu, H.-Y. 2011, arXiv:014372

Benson, A. J., Borgani, S., De Lucia, G., Boylan-Kolchin, ®1.Monaco, P.

2011, MNRAS, 1924

Boylan-Kolchin, M., Springel, V., White, S. D. M., Jenkin,, & Lemson,
G. 2009, MNRAS, 398, 1150

Bryan, G. L., & Norman, M. L. 1998, ApJ, 495, 80

Cole, S., Helly, J., Frenk, C. S., & Parkinson, H. 2008, MNRA83, 546

Conroy, C., & Wechsler, R. H. 2009, ApJ, 696, 620

Conroy, C., Wechsler, R. H., & Kravtsov, A. V. 2006, ApJ, 6201

Crocce, M., Fosalba, P., Castander, F. J., & Gaztafiaga, 1B, RINRAS,
403, 1353

De Lucia, G., & Blaizot, J. 2007, MNRAS, 375, 2

Diemand, J., Kuhlen, M., Madau, P., Zemp, M., Moore, B., &o., &
Stadel, J. 2008, Nature, 454, 735

Fakhouri, O., & Ma, C. 2008, MNRAS, 386, 577

Fakhouri, O., Ma, C., & Boylan-Kolchin, M. 2010, MNRAS, 857

Faltenbacher, A., Allgood, B., Gottléber, S., Yepes, G., éffrhan, Y.
2005, MNRAS, 362, 1099

Genel, S., Bouché, N., Naab, T., Sternberg, A., & Genzel (R02ApJ,
719, 229

Genel, S., Genzel, R., Bouché, N., Naab, T., & Sternberg0892ApJ,
701, 2002

Harker, G., Cole, S., Helly, J., Frenk, C., & Jenkins, A. 200BIRAS, 367,
1039

Hatton, S., Devriendt, J. E. G., Ninin, S., Bouchet, F. R.idétdoni, B., &
Vibert, D. 2003, MNRAS, 343, 75

Helly, J. C., Cole, S., Frenk, C. S., Baugh, C. M., BensongAL.acey, C.
2003, MNRAS, 338, 903

Kauffmann, G., Colberg, J. M., Diaferio, A., & White, S. D. 1999,
MNRAS, 303, 188

Klypin, A., Gottléber, S., Kravtsov, A. V., & Khokhlov, A. M1999, ApJ,
516, 530

Klypin, A., & Holtzman, J. 1997, arXiv:astro-ph/9712217

Klypin, A. A., Trujillo-Gomez, S., & Primack, J. 2011, ApJ4@, 102

Knebe, A., et al. 2011, MNRAS, 415, 2293

Komatsu, E., et al. 2009, ApJS, 180, 330

—. 2011, ApJS, 192, 18

Kravtsov, A., & Klypin, A. 1999, ApJ, 520, 437

Kravtsov, A. V., Klypin, A. A., & Khokhlov, A. M. 1997, ApJ, 11, 73

Lacey, C., & Cole, S. 1994, MNRAS, 271, 676

Li, Y., Mo, H. J., van den Bosch, F. C., & Lin, W. P. 2007, MNRAX,9, 689

Lu, Y., Mo, H. J., Katz, N., & Weinberg, M. D. 2012, MNRAS, 421779

Nagashima, M., Yahagi, H., Enoki, M., Yoshii, Y., & Gouda, 2005, ApJ,
634, 26

Navarro, J. F., Frenk, C. S., & White, S. D. M. 1997, ApJ, 4%B 4

Okamoto, T., & Habe, A. 2000, PASJ, 52, 457

Pillepich, A., Porciani, C., & Hahn, O. 2010, MNRAS, 402, 191

Planelles, S., & Quilis, V. 2010, ArXiv e-prints

Riebe, K., et al. 2011, arXiv:1109.0003

Roukema, B. F., Quinn, P. J., Peterson, B. A., & Rocca-Voémge, B.
1997, MNRAS, 292, 835

Springel, V. 2005, MNRAS, 364, 1105

Springel, V., et al. 2008, MNRAS, 391, 1685

—. 2005, Nature, 435, 629

Springel, V., White, S. D. M., Tormen, G., & Kauffmann, G. 200ANRAS,
328, 726

Tinker, J., Kravtsov, A. V., Klypin, A., Abazajian, K., Wamn, M., Yepes,
G., Gottlober, S., & Holz, D. E. 2008, ApJ, 688, 709

Tormen, G. 1998, MNRAS, 297, 648

Tweed, D., Devriendt, J., Blaizot, J., Colombi, S., & Slyz,2009, A&A,
506, 647

van den Bosch, F. C. 2002, MNRAS, 331, 98

Wechsler, R. H., Bullock, J. S., Primack, J. R., KravtsovVA& Dekel, A.
2002, ApJ, 568, 52

Wetzel, A. R., Cohn, J. D., & White, M. 2009, MNRAS, 395, 1376

Wetzel, A. R., & White, M. 2010, MNRAS, 403, 1072

Wu, H., Zentner, A. R., & Wechsler, R. H. 2010, ApJ, 713, 856

Zhao, D. H., Jing, Y. P., Mo, H. J., & Borner, G. 2009, ApJ, 7834

APPENDIX
BDM POSITION/VELOCITY TRACKING AS COMPARED TO ROCKSTAR
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FiG. 9.— Comparison of position and velocity errorszat0 for therocksTARandBDM halo finders on Bolshoi, similar to Fig. 2.

Figure 9 shows position and velocity tracking errorsgom as compared teOCKSTAR For low-mass halod < 10°M,,),
ROCKSTAR performs ideally, almost at the force resolution of the datian. In comparisongDM gives positions accurate to
within a factor of a few of the force resolution (2-3). For hignass halos\ > 10'3M,), both halo finders perform similarly.
Because of its ability to find halos in phase spaR@CKSTAR is always better able to recover halo velocities tisam; the
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resulting velocity errors are smaller by a factor of 1-5.
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FiG. 10.— Comparison of errors at different timesteps forrloek sTARhalo finder on Consuelo, analogous to Fig. 3.

1 == 0.2 \ \
—_— N\ 1 - —M-~10" |
8 . 2 —M~107
! AV £0.15- 3
S o8- \ - 5 M~ 10"
= \ 14 I o
17 \ uz H M~1 B
o F . R o
£ . LY S o1 ]
5 —v__ ~100 km$ \ 5
c 0.25 max o VL ° |
2 — =V~ 200kms \ '\ o
= I | S
B c— v, ~400km3 - §0.05 y

\ \ L
0.125 \ T ]
| | | \ | o
1 2 4 8 001 02 03 04 05 06 07 08 09 1
1+z a

FIG. 11.—L€ft panel: Fraction of Consuelo halos at 0 tracked to a given redshift for tiecksTARhalo finder, as a function afhax, analogous to Fig. 6.
Right panel: Fraction of halos found by theocksTarhalo finder which were removed in the process of physicalisterey checking as a function of mass
and redshift, analogous to Figs. 7 and 8.

For comparison with Bolshoi, we include results for the Gezis simulation analogous to Fig. 3 in Fig. 10 and figures@nal
gous to Figs. 6, 7, and 8 in Fig. 11. We find identical resultgtie Consuelo simulation as compared to the Bolshoi sinouat
with only a few exceptions. The main difference in terms @ thore limited mass and force resolution of Consuelo meats th
the positional errors for recovered halos are higher (Fiy.ahd that halos with maximum circular velocities of 50-kp0 s
are no longer above the resolution limit (and hence are decldrom Fig. 11). In addition, the timesteps are logaritatty
spaced in scale factor, meaning that at earlier times, thestieps are more closely spaced. This contributes to theopas
errors becoming smaller with increasing redshift for Catsifas contrasted with them becoming larger with increpsashift
in Bolshoi).

SUBFIND

We have additionally used our algorithm on thesrIND halo finder (Springel et al. 2001) on a small subvolume (50 Mpc
h™ on a side) of Bolshoi. Because the algorithm described & thper requires halo masses even for subhalos, and because
SUBFIND by default only returns particle membership for subhalaplzerical overdensity mass calculator was used on the halo
centers returned byUBFIND to calculate the unbound mass wittRg, for host halos as well agn.x andR,,,, for all halos; these
latter two properties were used to estimate subhalo massauBe the mass derived this way is inconsistent with the foass
host halos, we do not show results for halo tracking or setfsestency, which would unfairly penaliz&/BFIND.
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Avg. Positional Error in Halo Tracking [Physical kpc]
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FIG. 12.— Comparison of errors at different timesteps forgl@FIND halo finder on a subregion of Bolshoi, analogous to Fig. 3.

Nonetheless, it is possible to calculate the position /aiglgorecision for halos returned IBUBFIND, as the number of halos
affected by inconsistent subhalo masses across a singdstémis small. We show results analogous to Fig. 3 in FigVi2.
find thatsSUBFIND appears to have exquisite velocity precision at the expehseme position precision (2-5 times worse than
ROCKSTAR see Fig. 12) SUBFIND's velocity precision does not necessarily translate irloeity accuracy however. Indeed,
SUBFIND averages particle positions to yield a bulk halo velocity, & demonstrated in Behroozi et al. (2011), the difference
between the halo core velocity (which would correspond netosely to the central galaxy velocity) and the halo bulloedtly
can be on the order of 20% of the halo velocity dispersion,aup@0 km s* for the largest clusters at= 0. Hence, while
SUBFIND's velocities are remarkably consistent, they do not nexédgsorrespond to observable properties.





