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ABSTRACT

Merger trees follow the growth and merger of dark-mattepéslover cosmic history. As
well as giving important insights into the growth of cosmiiausture in their own right, they
provide an essential backbone to semi-analytic modelslakgdormation. This paper is the
firstin a series to arise from thauSSING MERGER TREESWorkshop in which ten different
tree-building algorithms were applied to the same set ob lcatalogues and their results
compared. Although many of these codes were similar in patit algorithms produced
distinct results. Our main conclusions are that a usefuberetree code should possess the
following features: (i) the use of particle IDs to match teddoetween snapshots; (ii) the
ability to skip at least one, and preferably more, snapshatsder to recover subhaloes that
are temporarily lost during merging; (iii) the ability to pe with (and ideally smooth out)
large, temporary flucuations in halo mass. Finally, to emdifferent groups to communicate
effectively, we defined a common terminology that we usedndiscussing merger trees and
we encourage others to adopt the same language. We alstiespaaininimal output format
to record the results.

Key words: methods:N-body simulations — methods: numerical — galaxies: halogalax-
ies: evolution —

1 INTRODUCTION structure formation and growth. They are required becabse t
structures that host the galaxies we observe have densitiémn

In the era of precision cosmology numerous very large gasaxy excess of the mean and their growth is highly non-lineargéaim-

vey programmes are either currently underway or in deve@im  yjations containing billions (soon to be trillions) of texqarticles

(justto name a few, BOSS, PAU, WiggleZ, eBOSS, BigBOSS, DE- have become common in recent years (e.g. Millennium, DEUS,

SpeC, PanSTARRS, DES, HSC, EUClid, WFlRST, etC.). The full Bo|sh0i’ |\/|i||er‘]niur'ﬂ)()(l_l Horizon4pi, Jub”eel S

power of these programmes to shed light on the nature of dark e [2012, for a recent review) and these models cover volumésitha

ergy and dark matter can only be realised if the observdtresalts well matched to aforementioned galaxy surveys coveringeas:
are compared to theoretical expectations. Thus the levpheafi- ingly large cosmological volumes. But accurate numeridalus
sion required can only be achieved if the theoretical fraorevis lations are not the end of the story. In order to produce a mock
equally well controlled. galaxy catalogue the structures present within these atenlivol-

Numerical simulations underpin the theoretical predititor
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umes need to be identified and subsequently populated wik-ga
ies.

By comparing the results obtained for a wide range of halo
finding algorithmll) already quantifiedetrors
introduced during halo identification. This project and étgen-
sions to the related topics of subhalo detecﬂM@)
and stream findin13) are summarised in thiewe
paper by Knebe et . (2013b).

2 TERMINOLOGY

To avoid confusion, it is important that different reseashwork-
ing on merger trees speak the same language. We define here the
terminology used in this paper and would encourage othexddpt
the same definitions:

e A halo is a dark-matter condensation as returned by a halo-
finder (in our case AHF). For the purposes of other definitioss

Once the set of haloes within a cosmological volume have |ow, we assume that the IDs of the particles attributed td éeato

been reliably identified, the second step is to populate thvim
galaxies. This can be done using the information from a singl

by the halo finder are known.
e Haloes may be spatially nested: in that case the outer halo is

snapshot by relating the mass of a halo to the number of galax- the main halo and the other haloes aszibhaloes Note that the

ies it contains. This is referred to as Halo Occupation Dgrwi
HOD modelling (e.g._Skibba & Shéth 2009). This, howevetse
galaxies within each snapshot independently. To follow gakE-
consistent evolution of galaxies over cosmic time requinésr-
mation about the growth and assembly of the haloes that heist.t
The ruleset that determines how the galaxies containednhibse

assignment of main halos and subhaloes is a function of tlee ha
finder and one can envisage unusual geometries where thésall
tion is not obvious; nevertheless, the picture of subhatwbiing
within larger ones ties in with our view of cosmic structurelas
central to many SA models.

e If particles are allowed to be members of only one halo,

haloes form and evolve are known as semi-analytic models (SA (j.e. particles in sub-haloes are not included in the pertid list

models; for a review 3@06).

SA models rely on the accuracy of both the individual hale cat
alogues themselves as well as the framework that connecteath
catalogues from different snapshots together. For evgpchihis
framework forms a tree structure, with many leaves and hesat
early times eventually merging together to form a singlakrthat
represents the final galaxy. The main aim of this paper is to-co
pare and contrast the tree structures built from a commaof seio
catalogues by around a dozen different tree building algms. We
will examine the accuracy of the trees (how often they linkedn
lated haloes together) and the smoothness of the tree grBath
can lead to unrealistic galaxy growth within a SA model.

The results presented in this paper arise out of thesING
MERGER TREE workshop, that took place on July 7-12 2013. In
advance of the workshop, participants were provided witatas
haloes (described in Sectibh 3 below) and asked to returrrgeme
tree that linked the haloes together over cosmic time in ativaty
best represents the growth of cosmic structure. We allovaeticp
pants to correct errors in their results that arose out dyamptheir
code to this new data set (e.g. unusual data format; permdind-
ary conditions) but gave them no feedback in adavnce ofideaft
the paper on how their results compared to those of otheicpart
pants.

of the main halo, and particles in overlapping haloes arigiasd
to just one of the two), then the haloes are said tekausive
otherwise they aranclusive (AHF falls into this latter category).

e Haloes are defined at distinshapshots Snapshots corre-
spond to particular values of cosmic time and contain thégbar
IDs, mass, location & velocity for each dark matter particléhe
simulation.

e For two snapshots at different times we refer to the older one
(i.e. higher redshift) asl and the younger one (i.e. lower redshift)
asB.

e A graphis a set of ordered halo pairdZa, Hg), whereH 4
is older thanH 5. It is the purpose of the merger-tree codes to pro-
duce a graph that best represents the growth of structurecose
mic time. H4 and H s are usually taken from adjacent snapshots,
but this is not a requirement as there are occasions wheoedal
lose their identity and then reappear at a later time.

e Recursively,H 4 itself and progenitors off 4 areprogenitors
of Hp. Where it is necessary to distinguighs from earlier pro-
genitors, we will use the termlirect progenitor.

e Recursively,Hp itself and descendants df z are descen-
dants of H4. Where it is necessary to distinguighz from later
descendants, we will use the tedinect descendant

e In this paper we are primarily concerned witterger trees

In this paper we use a single set of halo catalogues from a for which there is precisely one direct descendant for evagp.

cosmological box to test the basic properties of the mengeast
and the mass-growth of haloes over time. During the coursieeof
study presented here it became clear that tree buildingitigts
are often intimately tied to the algorithm used to geneitagarnput
halo catalogue, and so in that sense the comparison is naliyqu
fair on all codes. While we adhered to this approach in gérera
it is the only way to enable an easy comparison between coges,
nevertheless allowed two codes to modify the halo cata®giue
CONSISTENTTREES& HBT). We also allowed algorithms to con-
vert between inclusive and exclusive particles lists (se&tién[2,
for a definition) where desired. Future papers will investigthe
effect of changing the halo definition, snapshot spacingsmes-
olution, and eventually the effect on SA models.

In what follows, the terminology used throughout the paper
will be specified in Sectionl2. Sectibh 3 describes the hala-dat
that we use, and Sectifh 4 gives an overview of the variousscod
that have participated in the comparison. We present sesolthe
structure of the resultant trees in Secfibn 5 and of theiisagaswth
in Sectior 6. Finally, we summarise our results in Sedtion 7.

Note that it is possible for haloes near the minimum masg lioni
have zero descendants: we omit such haloes from our analysis

e In the case that there are multiple direct progenitors, we re
quire that precisely one of these be labelledrtian progenitor —
this will usually be the most massive, but other choices arenji-
ted.

e Themain branch of a halo is a complete list of main progen-
itors tracing back along its cosmic histary.

Over the course of writing this paper it became clear thaethas
been confusion in the past between what we call graphs argemer
trees. Both are interesting in different contexts. We linuitselves
here to an investigation of merger trees which are the méeeaet
as an input to SA models.

1 We note that, for main haloes rootedzat= 0, this main branch might
more appropriately be called a trunk, but it seems unnegessantroduce
a new term for this specific purpose.
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Figure 1. Snapshot ID versus time (loweraxis, normalized to the present
age of the Universe) and redshift (upperxis).

3 INPUT HALO CATALOGUES

The halo catalogues used for this paper are extracted frosndj2
shots of a cosmological dark matter only simulation undenmnaus-
ing the ADGET-3 N-body code5) with initial condi-
tions drawn from the WMAP-7 cosmology (Komatsu e al. 2011).
We use270° particles in a box of comoving widt2.5 2~ *Mpc,
with a dark-matter particle mass 831 x 1032~'Mg,. The snap-
shots are labelled 0, 1, 2, ..., 61 from redshift 50 to redi$hias
indicated in Figuréll.

The main halo finder used in this paper is Aﬁ-l
[2004;[Knollmann & Knebie 2009). It locates local overdemsitin
an adaptively-smoothed density field as prospective hattres
For each of these density peaks the gravitationally bounticjes
are determined. Only peaks with at least 20 bound particeesan-
sidered as haloes and retained for further analysis. Tteerhaks
Moo is

@)

where p.(z) is the critical density of the Universe as a function
of redshiftz and Rz is the radius enclosing a mean density that
equals 200 times the critical density.

AHF generates inclusive data sets (i.e. particles in sulsal
are also included in the main halo). As an input to the treitging
codes we provided the list of particle IDs associated witthdwsalo,
alongside information about the (kinetic plus potentiaimy, po-
sition and velocity of each particle; we further made al#ddahe
full halo catalogue containing, besides the usual masgj@osand
bulk velocity, an abundance of additional information (esger-
gies, centre offsets, shapes, etc.).

The participants were asked to run their merger tree bslder
on the supplied data and return, for each halo, a list of pribgre
haloes and (unless the halo was newly-created) the ID ofgdesin
main progenitor. For the purpose of comparing merger trge-al
rithms we restricted participants to use only the inforomatde-

A .
Mao0 = QOOPC(Z)?T{-RSOO7

2 The Amiga Halo Finder package is publicly available for dtvead from
http://popia.ft.uam es/ AHF
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Figure 2. A summary of the main features and requirements of the diffier
merger tree algorithms. For details see the individual rijetsens in the
text.

scribed above and did not give them access to the¥amody data.
However, they were allowed to alter the original halo cajaks by
adding extra “fake” haloes and removing some “unreliabladls
where they felt that was appropriate.

4 CODE DESCRIPTIONS

In this section we briefly describe, in alphabetical ordee par-
ticipating merger tree codes. Further details of algorghran be
found in the accompanying references.

The participants were asked to build trees starting from our
input halo catalogues described in Secfidbn 3. One of thaifest
of a merger tree, as we define it, is that while an object cae hav
multiple progenitors, only one descendant is allowed. Bahynof
the algorithms tested did not, in the first instance, produtese.
Instead they commonly built graphs that allowed multipleai-
dents of a single progenitor halo. To allow consistency arsdiee a
fair comparison we required each author to modify their atgm
to return a tree. Nevertheless, the central process oflinkaloes
together between snapshots remains and exploring thargaxiays
of achieving this is the main purpose of this paper.

We note that some of the participating codes required mod-
ification in order to allow them to take as input the AHF halo
catalogues that we used for this comparison project. Tditttei
analysis of the returned merger trees, we have defined a commo
minimal data output format (described in the Appendix), #rid
has also required minor modifications to some of them.

4.1 Tree Similarity

As a lot of methodology is similar across the various codesius

here, we try to capture the main features and requiremerigin

ure[2 and Tablg]1. Note that only a single code doesn't usé part

cle IDs to link haloes between snapshots: that potentialies it

more widely applicable to legacy data but leads to probleritis w

misidentification of haloes, as will be seen later in Sed®d®low.
Many tree-codes make use of a merit function

M(HA7HB):f(NA7NB7NAﬁB)7 (2)

where N4 and Np are the number of particles in haloés, and
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Table 1. A summary of the features and requirements of merger treeitdgs (for details see individual descriptions in thetfe€olumns: (i) Code name;
(i) Particle properties used to produce the merger tragsAHF halo properties used to produce the merger trees{,-mass,r-position, v-velocity,
Vmax-maximum rotation speed of the halo); (iv) the merit functicsed to estimate descandants; (v) the merit function wsestimate the main progenitor;
(vi) the number of consecutive snapshots used to detern@seeddants/progenitors at each snapshéi. = meB/(NANB), Msa = Nanp/NB,

M3 = Nanp, M4 = Zj RT3 Ms = Nanp/Np for most bound particles only.

(AnB);’

Particle properties used AHF halo properties used D.Menitc= P.Merit Func. #Snapshots used
CONSISTENT TREES* PID Msp0, 1, v, Vinax M3 Trajectory Est. Grrx
D-TREES PID,binding energy — Ms Ms il
HBT* PID,position,velocity — — — 2
JMERGE — Msgo, v, vV, Vmax Trajectory Est. Trajectory Est. 2
LHALOTREE PID,binding energy** — My Most massive halo 3
MERGERTREE" PID — My My 2
SUBLINK PID,binding energy** — My Most massive history 3
TREEMAKER PID — My My 2
VELOCIRAPTOR PID — My My 2
YSAMTM PID — Mo Mo 2
*modify catalogue **use the distance from halo’s ***Users specify but
* yses the inclusive centre for this comparison these numbers are used
particle convention for this comparison

Hp, respectively, andVan g is the number of particles that are in  shots. It therefore allows for the possibility that des@erid may

bothH4 andHp, or be identified more than one snapshot later. Descendantdearg-i
fied by following the most bound “core” of each group —i.e.gbo

M(Ha, Hp) = f(Rans), ®) particles with the lowest total energy.

whereR 4n 3 is the ranking (decreasing binding mass or increasng To find the descendant at snapsiytof a group which exists

halocentric radius) of particles that are in béfh andH . Such a at an earlier snapsho#, the following method is used. For each

function aims at identifying the most likely progenitorsdendant ~ group containingV,, particles theNi;,x most bound particles are

of a given halo. A few of them use additional information sash identified, whereVi,i is given by

for instance, the binding energy of the particles, propsrtf the Niink = min(Ninkmax, max( firace Nps Ninkmin))  (4)

haloes or information about the snapshot times. )
with NMinkmin = 10, Minkmax = 100 andftracc = 0.1. Descen-

dant candidates are those groups at snapBfibat received at least
4.2 CONSISTENT TREES (Mao & Behroozi) one of the Viinx most bound particles from the earlier group. If
) i ) any of the descendant candidates received a larger fraaftidreir
The CONSISTENT TREES algorithm KBﬁhLO—O_ZJ—e-t—_d‘L_—ZQHS) first  nri. most bound particles from the progenitor group than from
maiches haloes between snapshots by identifying desdendangny other group, then the descendant is chosen from thesé can
haloes as those that have the maximum number of particles fro  j5teq only and the group at snapsHawill be designated the main
a given progenitor halo. It then attempts to clean up thigahi  roqenitor of the chosen descendant; otherwise all caregicire
guess by simulating the gravitational bulk motion of the ekt considered. The descendant of the group at snap$letaken to
haloes given their known positions, velocities, and masilps be the remaining candidate which received the largestidracif
as returned by the halo finder. From haloes in any given simula o Niimi most bound particles of the progenitor group. For each

tion_snapshot, the expected positions and velocities (m‘dsz_m an group at snapshaB, this method identifies zero or more progen-
earlier snapshot may be calculated. In some cases, obvioos-i itors of which at most one may be a main progenitor. Note that i
sistencies arise between the predicted and actual haleipiep is not guaranteed that a main progenitor will be found fomgve
such as missed satellite haloes (e.g. satellite haloeswplaiss too group.

close to the centre ofa larger halo.to be detecte.d) and MSS If a group is not found to be the main progenitor of its de-
changes (e.g. satellite haloes which suddenly increas@@siiue  gcengant, this may indicate that the group has merged witthen

to temporary miss-assignment of particles from the certzid). group and no longer exists in the simulation. However, itli®a
These defects are repaired by substituting predicted hajmepties possible that the group finder has simply failed to identify bb-

instead of the properties returned by the halo finder. If a hais jectat the later snapshot. In order to distinguish betwkese cases
no descendant a merger is assumed to have occurred withlthe ha i i5 necessary to search multiple snapshots.

exerting the strongest tidal field across it, unless no sudhlsde For each snapshot in the simulation descendants are identi-
halo exists in which case the halo is presumed to have been spu fiaq at |ater snapshots in the randet 1 to A + Na.p using the
rious and this branch is pruned from the merger tree. Thisg®®  ethod described above. For each group at snapbtius gives up
helps to ensure accurate mass accretion histories and matge (5 . possible descendants. One of these descendants is picked
for satellite and central haloes; full details of the algur as well for use in the merger trees as follows: if the group at snapgho
as tests of the approach may be founil in Behrooziletal. (2013) g the main progenitor of one or more of the descendants, ahe e
liest of these descendants that does not have a main proganit

a snapshot later thas is chosen. If no such descendant exists, the
earliest descendant found is chosen irrespective of maigemitor
The D-Trees algorithm (Jiang et al., in preparation) is giesi to status.

work with the SUBFIND group finder, which (like AHF) can oc- This results in the identification of a single descendant for
casionally fail to detect haloes or subhaloes for one or renep- each group, which may be up 16,;c, Snapshots later. Each group

4.3 D-TREES (Helly)



may also have up to one main progenitor which may be ug.te,
snapshots earlier.

4.4 HBT (Han, Jing)

The Hierarchical Bound Tracing (HBT) algorithnh_(Han et al.
@) is a tracking halo finder in the sense that it uses irdition
from earlier snapshots to help derive the latest halo cgtiloAs
such it naturally builds a merger tree. Starting from higtisteft,
main haloes are identified as they form. The particles coathi
within these haloes are then followed explicitly throughseguent
snapshots, generating a merger tree down to main halo letret a
first stage. To extend the merger tree down to subhalo level H
continues the tracing of merged branches, identifying #teo$
self-bound particles that remain for every progenitor haloese
self-bound remnants are defined as descendant haloesopibei
genitors. With this kind of tracking, each halo has at most pro-
genitor, which defines its main branch. The main branch esten
until the number of particles contained in the bound halorramh
drops below 20 particles. When this occurs a final trackieg &
undertaken to determine which halo it has fallen into, agidimnor
branches to the tree.

The major challenge in this method is to robustly track hsiloe
over long periods, and HBT has been specifically tuned tcezehi
this. In addition, the merging hierarchy among progenitalobs
is utilized to efficiently allow satellite-satellite memgeor satellite
accretion inside satellite systems.

Note that HBT is not designed to be a general purpose tree-
builder for external halo catalogues. To generate the wised in
this paper, HBT was run using only the main haloes from the sup
plied catalogue as described in Secfibn 3 as input. It thgrutalits
own list of haloes and calculates the relevant propertieshiem,
as well as returning the merger tree built on top of thesedsalo

HBT outputs exclusive halos. In order to give a mass which
matches that of AHF halos as closely as possible, for eadh hal
we first calculate an ’exclusive’ mass according to Equdiiars-
ing only particles from the halo itself. Then we add to eaclo ha
the exclusive mass of all its subhaloes, to give an 'inckigivass,
which we use throughout this paper.

4.5 JMERGE (Onions)

The JMERGE algorithm constructs a merger tree purely from ag-
gregate properties (the position, centre-of-mass val@eit mass)

of the haloes identified by a halo finder (i.e. it does not nexjthe
individual particle positions or particle IDs). It comparealo cata-
logues from two snapshots separated by a known time intdfoal
the two sets of haloes at timesand B, a new position is calcu-
lated for the centre of each halo by moving théaloes forward in
time by half the timestep, and th haloes backwards by half the
timestep. Then, starting from the most massive halo and ingrk
towards smaller masses, for each halolina best match on posi-
tion is found to a halo ifB, together with constraints on the allowed
change in mass and maximum circular velocity. Mass is altbiwe
shrink by a factor of up to 0.7, and to grow by a factor of up to 4.
The search distance is limited to twice the radius at whieheth-
closed density is 200 times the background density plustfmes
the distance the halo has moved during the timestep. At thiges
each halo inB can only be claimed once. This process attempts to
trace haloes growing over time.
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B, two other processes are implemented. Firstly, mergeraare
counted for by finding so far unmatched haloes at tilnihat can
accrete ontaB targets already accounted for, whilst still limiting
the total mass of the direct progenitors of each descenddets$
than 1/0.7 times its mass. Secondly, haloes that cannot faoit-a
able match are deemed to be numerical artifacts and are gorune
from the tree.

4.6 LHALOTREE (Dolag)

LHALOTREE was the first mergertree algorithm to construct
trees that track sub-haloes instead of just main halos. This
was used for the first time for semi-analytic galaxy formatio
Springel et al.[(2001), and subsequently developed intaradard
technique applied for example in the Millenium simulationjpct

5) and its various successors. ThaldTREE
algorithm is described ih_Springel et &l. (2001), with fenthin-
formation given inthe supplementary informatio.
M). In short, to determine the appropriate descendansab-
halo, the unique IDs that label each particle are trackeadxt
outputs. For a given halo, the algorithm finds all halos inghbk-
sequent output that contain some of its particles. Thesehare
counted in a weighted fashion, giving higher weight to et that
are more tightly bound in the halo under consideration. Taiylt
of each particles is given bR ~<, whereR is the rank (based on
its binding energy as returned by SubFind (Springel &t aD120
ranged from 1 taV, anda is typically set to2/3. In this way, pref-
erence is given to tracking the fate of the inner parts ofwcsire,
which may survive for a long time upon infall into a bigger dal
even though much of the mass in the outer parts can be quickly
stripped. Once these weighted counts are determined formac
tential descendant, the one with the highest count is szlexg the
descendant.

These descendant pointers specify the full tree as stestur
are assumed to never split. However, in order to protecnagtie
possibility to lose tracking of a subhalo that passes clogeeti-
centre (at which point SubFind may assign it a very small jnass
LHALOTREEIs constructing descendants (and its associated pro-
genitors) forA — B as well asA — C, whereB andC are two
subsequent snapshots.4f Therefore, as an additional refinement,
some halos are allowed to skip one snapsBoin finding a de-
scendant if either there is a descendent found' ipout none found
in B, or, if the descendant i has several progenitors and the
descendant it has only one. Additionally, in order to deal with
“orphan” galaxies which lost there dark matter subhalo kaweh
not yet merged with a halo’s central galaxy, AEDTREE calcu-
lates the future histories of the most bound particles cfuthhalos
and associates them with the tree. Hence, after a sub-halalige
olved, this information allows the galaxy formation modefallow
galaxy positions while their underlying dark matter subhial no
longer resolved. However, for the present comparison fezigire
was switched off.

4.7 MERGERTREE (Knebe)

The MERGERTREE routine forms part of the publicly available
Amiga halo finder (AHF) package. Itis a simple particle ctater:
it takes two particle ID lists (ideally coming from an AHF dysis)
and identifies for each object in liBt those objects in lisl (at the
previous shapshot) with which thefé or more particles in com-

For those haloes that do not find an unclaimed descendant inmon (N = 10 for this comparison). Despite its name, therefore, it
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produces a graph mapping the connections between obj¢cts ra

than a tree, as each halo can have multiple descendants.
MERGERIREE also identifies a unique main progenitor for

each object in lisB as found in listA. It achieves this by max-

imising a merit function (as shown in Tadlé 1) This has proven

extremely successful _(Klimentowski et al. 2010; Libeskitdl.

particles accreted from the background) and descendaniigla
descendants being allowed even if particles lost to thedracid
are ignored). Here “background” refers to particles notrin halo
at the current time. This first step is completed by using trége
IDs as tracers to identify haloes. Under our scheme a partiah
only belong to one single halo at a given step, meaning agbearti

2011: Knebe et al. 2013a). The code can hence not only be usedn a subhalo belongs only to that subhalo and not to any eingos

to trace a particular object backwards in time (or forwaehehd-
ing on the temporal ordering of file and B), but also to cross-
correlate different simulations (e.g. different cosmadagymodels
run with the same phases for the initial conditions).

halo.

In order to create a “usable” merger tree a simplificatiogeta
is required. Exactly one descendant per halo is selectedrand
list of progenitors updated to reflect this selection. Seigcthis

To create an actual tree, we need to ensure that each halo hasinique descendant requires the use of a merit function. Téie fi

a unique descendant. This is guaranteed by runnie@ &=RT REE

in a novel mode that applies the same merit function in batbceli
tions when correlating two files. In practice this links hedahat
share the largest fraction of particles between the two Smatp
as well as forcing a choice between multiple possible dafEs
(of which now only the one maximising the merit function ireth
direction A — B is kept). The use of a merit function also elim-
inates any need for all the particles in the input halo cgtas to
only belong to a single objecti1 4, 5; automatically takes care of
particles that have been assigned to multiple objects.

4.8 SUBLINK (Rodriguez-Gomez)

SuBLINK (Rodriguez-Gomez et al., in prep.) constructs merger

trees at the subhalo level. A unique descendant is assigreath
subhalo in three steps. First, descendant candidates emtfied
for each subhalo as those subhalos in the following snaphhot
have common particles with the subhalo in question. Secmech
of the descendant candidates is given a s@gé%f/?’, where the
sum is carried out over the common particles ads the bind-
ing energy rank of the particles inside their parent sulfhataird,
the unique descendant of the subhalo in question is the nidsice
candidate with the highest score.

Sometimes the halo finder does not detect a small subhalo that

is passing through a larger structure, because the demsityast is
not high enough. 8BLINK deals with this issue in the following
way. For each subhalo from snapstitt, a 'skipped descendant’

is identified atS,,+2, which is then compared to the 'descendant of

the descendant” at the same snapshot. If the two possibtemes

versions of REEMAKER used a shared merit function. For this
study, we tested various modifications of this selectiohabgave
similar results. We therefore include in this paper only toe-
malised merit function\, as shown in Tablgl1.

4.10 VELOCIRAPTOR (Elahi)

The halo merger tree algorithm used in VELQRBPTORIs based
on a particle correlator: that is the algorithm compares fao
more) exclusiveparticle 1D lists and produces a catalogue of
matches for each object in each list. Specifically, for edsjea

1 in catalogueA, the algorithm finds all objectg in catalogueB
that share particles, and calculates the strength of eauection
using the merit function\; as shown in TablgEl1. The search for
connections is done in both directions. Any connection witherit
function within Poisson fluctuationgyf 4, 5; < 1/(NA1,,NB].), is
ignored. The connection that maximis&és for A — B is deemed
the unique descendant (note that the orginal code returgealé
that did not enforce this requirement of uniqueness). Tihs@ach

is used as particle ID lists produced by VELQO®IPTORcONtain
not only particles belonging to bound (sub)haloes but dissé in
physically diffuse tidal debris. Consequently, trackirgest cen-
tres or weighting particles by a measure of how bound theysare
meaningless. Note that tidal debris candidates, due to phgsi-
cally diffuse nature, can be artificially fragmented inteesal VE-
LOCIRAPTORgroups. For example, a single bound (sub)halo iden-
tified at timeA is found to be the progenitor of several tidal debris
fragments at timdé3. MatchingB — A, the fragments identify the
(sub)halo as the primary progenitor, however, the (sub)mall

dants atS,,,» are not the same object, we keep the one obtained by identify the largest tidal fragment as its primary descemdg&or

skipping a snapshot since, by definition, it has the largestesat
Snte2.

proposes the of a this paper, the other fragments are ignidoed
ever, in the general merger graph produced by VEL®AHATOR,

Once all descendant connections have been made, the mairfn€se fragments are flagged as secondary descendantsniiefrag
progenitor of each subhalo is defined as the one with the 'most Shares> 5% of particles with the primary progenitor.

massive history’ behind it, following De Lucia & Blaizot (20).
This information is rearranged into fully-independent gegrtrees.

4.9 TREEMAKER (Tweed)

The TREEMAKER algorithm was developed for the SA model

Gal | CS (Galaxies in Cosmological Simulatioth al.

). It was first used on Friends-of-Friends hal.
m), and later applied to main haloes and subhaloes &dirac
from a cosmological simulation with thapt aHOP group finder
(Aubert et all 2004; Tweed etlal. 2009). The code associales$

from two consecutive time steps, listing all progenitorg(uding

411 YSAMTM (Jung, Lee, Yi)

The tree-making algorithmSAMTM (Jung et al., in preparation)
was developed to build dark matter halo merger trees foreheg-s
analytic moderSAM). It uses the particle infor-
mation from two snapshot files or the particle IDs and logwtio
from a pre-calculated halo catalogue. First the ‘sharedsimtse
mass contribution of all progenitor haloes to each desagrtsdo,

is calculated. At this stage, particles are matched betwnedres
in the two snapshots by using the particle IDs. Individuatipa
cles are only included in a single halo or subhalo and areistet
as members of the host halo of the subhalo. Secondly, in ¢oder

convert our graph into an actual tree that could be used by-sem
analytic models, we define a unique descendant halo of each pr
genitor halo by determining which descendant halo has thet mo

3 The latest version of 8L INK uses a merit function in which the power
index of the ranking is-1 rather than-2/3.
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Figure 3. The length of the main branch for haloes identifiedzat= 0
(Snapshot 61). The ordinatelis= 61 — S, whereS is the snapshot number
at the high-redshift end of the main branch. The upper, reidaid lower
panels show the halo mass ranges at 0, as indicated in the panel, which
correspond to roughly: 100, 200-500 and> 1000 particles respectively.

shared mass among all descendants of the progenitor hdéssun
there exists a smaller halo which receives a larger fraatiors
mass from the same progenitor. In this case we determinghbat
smaller one is the most likely descendant halo of the prageni
even if its shared mass is not the largest amongst all theedesc
dants. This avoids defining the smaller descendant halo eslgn
formed halo when it contains many particles that were member
of an existing halo in the previous snapshot. This processtes a
true tree where one descendant halo can have multiple ptogen
haloes, while each progenitor halo has a unique descendémt h
Among those progenitors, the main progenitor is determimgd
maximising the merit functiooM in Table[d.

5 TREE STRUCTURE

In this section we look at the structure/geometry of tredss -
cludes a comparison of measurable quantities like thelémgth
along the main branch, the tree-branching at every stepttend
general consistency of the tree (i.e. possible mis-ideatithn of
descendants).

5.1 Length of main branches

The most basic requirement of a tree-building code is toetrac
haloes back in time. The length of the main branch gives a mea-
sure of how long single haloes can be followed through the-com
plicated merger history of structure formation. Figule 8vgb the
number,N, of z = 0 haloes that have main branches extending for
a given number of snapshotsfor all haloes within three different
mass-ranges: haloes wittfzo0 < 10'* h~'Mg (less thar~ 100
particles) are shown in the top parlx 10'* A= Mg < Mago <

5 x 10 h~*Mg in the middle panel, and/o00 > 102 b 'Mg
(more than~ 1000 particles) in the bottom panel.

Large haloes (bottom panel of Figure 3) tend to have long
main branches with= 30-50, which is in agreement with the pic-
ture of bottom-up structure formation, where larger olgdorm
through repeated mergers of smaller ones.
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As one moves to smaller haloes the proportion of short
branches increases. Fbfago < 10'! ™ *Mg, the number of main
branches per length is roughly constant fréra= 0 until about
1 = 30 (corresponding ta ~ 5) and only drops to zero beyond
1 =~ 50 (z ~ 10). Thus, even in a hierarchical structure formation
scenario, dwarf-sized halo#zat survive to the current ddyave a
wide variety of formation times.

One oddity in Figuré13 is that most of the tree codes find a
few large haloes with very short main branches which is in-con
tradiction to the common picture of structure formationrtkrer
investigation of these branches show that they are eitbhacated
due to a non-identification by the halo finder, or are due torear e
in the halo assignment of the tree building codes.

One such example is pictured in Figlide 4 which shows two
similarly-sized haloes merging almost head-on. The redtdne
circles show the two haloes at= 0 (right-hand column) and then
traced back in time over several snapshots (successivennslto
the left - note that we have chose to omit Snapshot 58 as itdadde
little to the plot). The AHF halo finder (and other halo finders
behave in a similar manner) assigns most of the mass in over-
lapping objects to a single object, treating the other astsut-
ture. Unfortunately, this assignment can change betwespssiots
so that haloes centred on the same clump of highly-bound part
cles can fluctuate wildly in size. Such artifacts are wellknand
commonly dealt with by any subsequent routines that uthizie
merger trees such as semi-analytic models. In this conguarif-
ferent tree codes handle this in different ways, illustlaite the
different rows of Figur&l4:

e MERGERTREEfalils to find a match for the smaller of the two
haloes at Snapshot 60 and does not seek a match at earlisr time
This halo therefore has no links in its merger tree and ajggedre
created intact in the final snapshot. The other non-weightert
function codes that use just 2 snapshotBsEM AKER, VELOCI-
RAPTOR and YSAMTM) behave in the same manner, as, in this
case, does JERGE

e LHALOTREE does something similar, but due to its use of
weighted function, it matches the smaller of the two haldes-=a 0
to the large one from the previous snapshot. WhileALHTREE
can cross-match haloes by skipping a snaphot this is noteappl
here as a descendent halo exists.

e D-TREESdoes the same as LA OTREEON Snapshot 60, but
also manages to link together the larger of the two haloesdsst
Snapshots 61 & 59. This results in a fluctuating mass for tltle bo
haloes, (low-high-low for red, high-low-high for blue).

e SUBLINK also manages to cross-match the larger of the haloes
between Snapshots 61 & 59 but chooses a different assacfatio
the halo in Snapshot 60, thus avoiding the large mass fluctuat
links the smaller of the two halos in Snapshot 61 directlyhiat in
Snapshot 59, skipping over the intermediate snapshot.

e CONSISTENTTREESgoes one step further and introduces a
fake halo in Snapshot 60 to avoid a link in the merger tree that
extends over more than one snapshot.

e Finally, HBT redefines both haloes and outputs a smoother
variation of mass over time.

From these descriptions, it may seem like the above is arredde
list of improving performance, from top to bottom. However
stress that this is true only for this particular mergingré\and that
different codes cope better in different situations. Thepse here
was more to illustrate the variety of behaviours that aresitdes.
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Snapshot 59, MergerTree ;

napshot 61, MergerTree

00O

-.Snapshot 61, LHaloTree

-.Snapshot 61, D-Trees

Snapshot 59, Sublink

napshot 61, Sublink

Snapshot 56, Consi Trees

57, Consi: Trees

Snapshot 59, Consistent Trees

-.Snapshot 61, Consistent Trees

Snapshot 56, HET.

57, HBT

009

Snapshot 59, HBT

0, HBT

-.Snapshot 61, HBT

Figure 4. An example of the merger of two haloes where the fluctuatingerang and size of causes difficulties for the merger-ttgerdhms. The red and
blue circles show two haloes selectedzat 0 (right-hand column) and then traced back in time over séger@pshots (successive columns to the left - note
that we have chosen to omit Snapshot 58 as it added littleetpltit). The missing algorithms all return the same res@tMBRGERT REE, shown in the top
row. See the main text for a commentary.
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5.2 Branching ratio

Another interesting statistical quantity is the number rithes
(i.e. the number of direct progenitors) at every node of tieegar
tree. This will depend upon the spacing between snapshulsa
the precise values are not important, but the differencésdsmn
algorithms are still of interest.

In Figure[® we plot the number of tree nodes withprog
direct progenitors, including all haloes between redstefto and
two. In this range the timestefit between snapshots is roughly
constant withAt¢ ~ 0.4 Gyr. The most common situation is to have
a single progenitor (i.e. the halo existed in the previouspshot
but no merging took place), followed by zero progenitors. (ihe
halo appears for the first time). However, in some cases, and d
pending on the tree-builder, the number of direct progesitan
exceed 20.

HBT has the lowest branching ratio, perhaps because itallow
itself to modify the halo catalogue to extend the life of saibles.
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Figure 6. Histograms of the displacement statistic, , for main haloes and
their main progenitor for which both of them ha¥éoo > 10'2 b~ M.
The vertical lines show the 90 and 99" percentiles for MRGERTREE
(but are approximately the same for all algorithms excepfThiB

main haloes only. To measure this deviation we use the titatis

_ rg —ra —0.5(va +vB) (ts — ta)]
0.5 (R2004 + R200B + |[va + vB|(tB — ta))

Ay (5)
which stays small as long as there is approximately unifaogekl
eration and no error in the halo linking. Herés cosmic timer &

v are the haloes’ positions and velocities, dgo the radius that
encloses an overdensity of 200 times the critical denstig Jub-
scripts A and B refer to two linked haloes along the main branch
of any tree.

Figure[® shows a histogram df,. for each algorithm, for all
main haloes and their corresponding main progenitors. Idlgst-
rithms agree on the bulk of the distribution, and this likedpre-
sents the true behaviour for the AHF haloes considered e,
deviations fromA,. = 0 being caused by curved trajectories and/or

JMERGE also has a low branching number because its non-use merging of subhaloes. The difference in HBT’s result from ath-

of particle IDs gives it freedom to link together haloes tb#ter
algorithms classify as unrelated. Next come REEsand GON-
SISTENTTREESwhich both use information extended over several
timesteps to follow haloes that temporarily disappear ifistance
when a subhalo comes close to the centre of its host halo).

Although multiple direct progenitors are rare, it can bensee
that the choice of tree code can make a significant differemtee
ability to follow substructures and hence to the length ofetia
subhalo exists before it is subsumed into the host halo.

5.3 Misidentifications

Most tree-building algorithms link together haloes on tlasib of
having particles in common. However, there are some thatotlo n
(in this paper, JMRGE), and there are occasions when this asso-
ciation is not clear-cut. So we wish to test how often an obwio
mis-identification occurs.

One way of doing this is to quantify how far haloes are dis-
placed from their expected locations in moving from one shap
to the next. This is hard to predict for sub-haloes that mambe-
ing around inside a larger object and so we restrict our ttieno

ers is partly due to different tree-links but also becauseHIBT
halo catalogue has an intrinsically lowar..

JMERGE occasionally shows much larger deviations, sug-
gesting that it does have a tendency to link together un&dsoc
haloes. ®NSISTENTTREESalso shows large outliers in this test
and Figurdl? shows a typical example of how this comes about.
Here we see an interaction in which the assignment of maim hal
alternates between successive snapshots:

e Most algorithms (top row) link together the visually correc
group of particles and have small., but will have a large fluctua-
tion in halo mass along the main branch.

e JMERGE requires smooth changes in mass and so it follows
the main halo between Snapshots 58 & 59, leading to a large val
of A,.

e CoONsISTENTTREESfollows the main branch across all three
snapshots, giving large values 4f. for both links. It (correctly)
fails to associate the top-right halo in Snapshot 59 withceetral
one in Snapshot 58, so it removes the latter and creates adéde
to take its place.

e HBT resolves the situation by creating a halo catalogue in
which the mass evolution is smoother. It also inserts araesub-
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Snapshot 58, Particle Identifiers Snapshot 59; Particle_Identifiers

Snapshot 57, |Merge Snapshot 58, |Merg Snapshot 59, |Merge

Snapshot 58, Consistent Trees Snapshot 59, Consistent Trees

Snapshot 57, HBT.

Snapshot 58, HBT.

Snapshot 59, HBT

Figure 7. An example of a situation where the halo finder assigns main
halos differently between snapshots. The red haloes in e&eclshow the
main branch of the largest halo on the right-hand side.

halo on the bottom-right that is not returned by any of theepth
algorithms.

5.4 The loss of particles during halo growth

During mergers (and, indeed, during quiescent evolutianiges
can be lost from haloes. As a measure of this, we use thetgtatis

Nua; — Nwa,)ns
Nua, ’

where, for a given hal®, the union runs over all direct progenitors,
A;. HereN is the number of particles inA; and B or common to
them both, as indicated by the subscript.

The distribution function of the fraction of lost particles »
for haloes along the main branch willizop > 102 h~'Mg (cor-
responding to about 1000 particles) is shown in Fifilire 8Nt
extensive wing on this plot that extendsAgy = 0.4. For small
values ofAy, this is due to changes in the shape of the halo, and
to natural particle orbits that results in material moving across
the radius (herd?200) used to define the edge of the halo. Large
values ofA ;- can occur when haloes reduce their size significantly
between snapshots. An example of this situation has alreeely
shown in the third row of Figuriel 4 which illustrates how thecha
finder alternates between allocating most of the mass toroother
of two haloes as they fly by one another.

All halo finders roughly agree on the number of haloes for

An = (6)
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Figure 8. The distribution function of the fraction of lost particleA n
for haloes along the main branch witzgo > 102 b= M. The ver-
tical lines show the 9& and 99" percentiles for MRGERTREE (but are
approximately the same for all algorithms). Please note@eanSISTENT
TREEScannot be included in this test because the added halogisddny
the code do not have particle information.

whichAx < 0.4, but there are signficant differences for larger val-
ues — these are most probably due to mis-identifications.gei-
haps not surprising that JMkGEhas occasional very poor matches,
given that it does not use particle IDs, but rare exampleppéag
ently erroneous links are found in many other algorithms too

6 MASS GROWTH

In this section we look at the mass evolution of haloes, priigna
along their main branches, which is a key input for most SA mod
els. While main haloes are expected to grow in mass througie-ac
tion and mergers, sub-haloes can lose mass through tigadisty.

Consider first Figurg]9 which shows the mass evolution along
the main branch for the red and blue haloes illustrated Eiglir
The large mass fluctuations seen on the right-hand sideoplbi
correspond to the rightmost panels in Figlle 4 and illusthatw
poorly-constrained the mass evolution is during that nrergaost
SA models would struggle to cope with this kind of fluctuating
mass behaviour.

6.1 Mass growth along the halo main branch

The logarithmic growth rate of main branch halodegd\V//dlog ¢
is approximated discretely by

dlogM

_ (tB+ta)(Mp — Ma)
dlogt ~ om(4, B) =

(tg —ta)(Mp + Ma)’

whereM 4 and Mg are the masses of a halo and its descendent at
timest4 andtg, respectively. The distribution function ofy; is
shown in Figuré_TI0 for every pair of main-branch haloes foiciwh

the mass of each exceed8'> h~'M, (corresponding to about
1000 particles).

As demonstrated in Figufe 110, most of the time haloes are
growing but there is a significant proportion of the time (abo
30%) during which mass loss occurs. Such a large fractiom4s u
likely to be due to stripping (as this result is restrictethigh-mass

@)
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Figure 10. Distribution function of logarithmic mass growtly,; along
halo main branches. We have included all pairs of haloes ffiictwboth the
masses exceet)'? h~1 M.
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Figure 11. Mass fluctuationss s, for sets of 3 consecutive haloes along a
main branch for which the mass of each excesle h~! M. The verti-
cal lines show the two-sided 90and 99" percentiles for MRGERTREE
(but are approximately the same for all algorithms excepfTiiBlote that
the apparent discrepancy of HBT is because, for the purpafséss pa-
per, they construct masses only from the supplied AHF hatalagues.
We have checked that, on applying HBT to the full simulati@iad this
discrepancy goes away.

whereay is as defined in Equatidd 7 akd- 1, k & k+1 represent
successive timesteps. This measures the change in theosltpe
mass accretion rate between two consecutive steps andaiyess
from —x to 7. The main purpose of this statistic is to detect tem-
porary mass fluctuations that occur either as a result of aheral
growth process, or because of halo misidentification.

Large, negative values @h, correspond to sharp temporary
peaks in mass, and positive values to dips in mass. Somewhat s
prisingly |£17] exceedsr/3 10 per cent of the time, aritir /3 1 per
cent of the time. Thus strong mass variations are relatigety-
mon.

Note that the apparent discrepancy of HBT is because, for the
purposes of this paper, they construct masses only fromupe s
plied AHF halo catalogues. We have checked that, on applying
HBT to the full simulation data, this discrepancy goes away.

7 DISCUSSION

This paper summarises the results of a merger tree compariso
project. The comparison was completed, and the paper drafte

main-branch haloes) but some apparent mass loss can oceur duadvance of the 8ssiING MERGERTREESWorkshop in Midhurst,

to changes in the shape of haloes during their evolutioreaalty
following a major merger.

Strong mass loss, however, is unphysical and is due to ésilur
in the halo-finding and linking process, as illustrated iguFe$ 4T
& Bl The halo evolution seen in the rightmost columns of Fegdir
correspond to the wings in Figure]10.

6.2 Mass fluctuations of subhalo main branches

Abrupt fluctuations up and down in mass can be quantified with a

statistic

v (k) = arctan ooy (k, k + 1) — arctan aa(k, k — 1), (8)

Sussex in July 2013. The aim of the workshop was not only to-com
pare the existing status of merger tree codes, but also joepgtie
thinking about the desirable features of such codes, incpdat for
their use as backbones for SA modelling.

Ten different merger tree builders contributed to this camp
ison project, as listed in Tablé 1. Although many of thesepéetb
similar approaches, no two gave identical results.

In order to enable the comparison, we desired that each merge
tree code should use the same haloes as input. It soon became
apparent that the halo finder can be intimately linked to the-t
builder itself, and so some tree-building codes neededfication
to enable them to take part. For two of the code®GISTENT
TREES& HBT), we had to allow modification of the halo cata-
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logue. For this reason, and because the quality of a merger tr
depends in some unspecified way upon the particular scientié
to which it will be put, we avoid making conclusive statensemere
about which algorithms perform better than others.

In Section[2, we defined some terminology that we used
throughout the paper. This proved essential to get everialkiag
a common language (for example, some algorithms did nailyit
return mergetreesat all, in the sense that every halo did not have a

unique descendent). We encourage other members of the commu

nity to use the same nomenclature.

7.1 Summary of results
Here we present a brief summary of our findings:

e Imperfections in the halo finder can lead to great difficgltie
for tree-building algorithms. The particular halo findeattve used
in this project was AHF, but we would expect similar behaviou
with other halo finders and a study of this is presently undsy. w

e The temporary loss of a halo during the merger of two haloes
(see, e.g. Figurgl 4) is disastrous for tree-building atbors that
examine only two adjacent snapshots. In such cases, it Shpes
for haloes containing over 1000 particles to apparentlyeapput
of nothing between two adjacent snapshots.

e Although they were working with the same input halo cata-
logue, different algorithms varied in their ability to lirkgether
subhaloes, leading to significantly different branchingpsafor the
trees.

e Due to the limitations of the halo finder, codes that do not use
particle IDs to link together haloes can occasionally poedclear
mis-identifications (see, e.g. Figlre 7).

e Related to the above, what is the best overdensity criteédon
use when defining haloes?

e How do the results change when applied to a large resimula-
tion of a single halo with lots of nested substructure?

e What is the effect of the variation in merger trees on thelresu
tant SA models?

It is our hope that a consensus will emerge, if not on a unique
halo finding and merger tree algorithm, at least upon the alglsi
features that such algorithms should possess in order &nokta-
ble results for the purposes of SA modelling.
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APPENDIX A: THE TREE DATA FORMAT

In order to facilitate comparison and use of merger tree,data
is our intention to define in a future paper a common merger tre
data format. This should make provision for: required mimichata

to define a merger tree; desired fields to ease use; and tlity abil
to include optional additional data that may prove usefulthe
time of writing (prior to the $SSINGMERGERTREESWorkshop)
that format had not been defined and so we restrict oursetves t
outlining here the minimal data format that was used for tlekw
described in this paper.

We supplied each participant in the tree comparison project
with a list of haloes, together with their properties (ascdiéed
in Sectior[ ) and an inclusive list of particle IDs. Each Hadal a
identifier (halo ID) that was unique across snapshots.

We required participants to return their results in g&ci
format described in Table’A1, where there is an entry for dadb.
That contains enough information for us to be able to recoost
the merger trees and, in conjuntion with the original hasb, lio
follow the growth of haloesover time.
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Table Al. TheAscii data format that participants were asked to use to retuinrierger tree results.

Information to be returned  Notes

FormatVersion = 1 —an integer indicating the format version

Description Name of code, version/date of generation; n@@4 haracters
Nhalo Total number of haloes specified in this file

HalolD1, N Halo’s ID and number of direct progenitors

Progenitoy Halo ID of main progenitor of halo HalolD(where N; > 0)
Progenitog Halo IDs of other progenitors of halo Halo{D

Progenitoy, Halo ID of last progenitor of halo HalolD

HalolDnhalos, NNHalo Halo’s ID and number of direct progenitors

Progenitokralo Halo ID of main progenitor of halo HalolR .1, (Where Nygalo > 0)
Progenitog Halo IDs of other progenitors of halo HalojBy.1,
Progenitof, ..., Halo ID of last progenitor of halo HalolRg .10

END String 'END’ indicating the last line of the output file
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