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ABSTRACT

We introduce the Phoenix Project, a sef\&DM simulations of the dark matter component
of nine rich galaxy clusters. Each cluster is simulatedagtlat two different numerical reso-
lutions. For eight of them, the highest resolution corresfsato~ 1.3 x 108 particles within
the virial radius, while for one this number is over drilion. Because of their recent assem-
bly, these cluster haloes are significantly less relaxed ¢ilagaxy haloes, leading to decreased
regularity, increased halo-to-halo variations, and systic differences in concentration and
substructure fraction. All density profiles steepen grédgifeom the centre outwards, but
there is considerable scatter in the dependence of logsdtklope,y = —dInp/dInr on
radius. Variations around standard fitting formulae sucthasNFW or Einasto profiles are
much larger than for galaxy haloes. At the innermost coreerg radiustcony ~ 3h~1 kpc

(~ 0.2% of the virial radius) the mean and rms scatteris1.05+4 0.19 for the nine haloes.
As for galaxy haloes, there is little indication of an appmio#o an asymptotic inner power
law. For individual clusters, strongly aspherical masgrithistions can produce projected sur-
face density variations at given radius spanning up to afauft three, depending on pro-
jection direction. This may in part explain the high appammncentration of some observed
strong-lensing clusters. Trehapeof the surface density profilgp(R) depends only weakly
on projection direction, however, and is quite well appnoated in the inner regions by the
NFW formula. Substructure in the Phoenix haloes is sligittre abundant, especially in the
inner regions, than in the galaxy haloes of the Aquariusdetojrhe subhalo mass function is
also steepedN/dM 0 M~198 in the range 10° < Mgyp/M200 < 103, compared tavi—194
for Aquarius haloes. Resolved subhaloes neverthelessitmatiet only 11+ 3% of the virial
mass in the Phoenix clusters. The relatively small diffeesrbetween Phoenix and Aquarius
haloes highlight the approximate mass invariance of CDM kaiucture. Together, the two
simulation series provide a detailed and comprehensivaigiien of the cold dark matter
distribution in galaxies and clusters.

Key words: methods: N-body simulations — methods: numerical —darkenat galaxies:
haloes — galaxies:clustering

1 INTRODUCTION ture of the dark matter candidate particle is unknown, a$tysical
clues to its identity may be gained by studying its clustgpnop-
erties on different scales. Considerable effort has beeotele to
this task, and has led to the crafting of detailed theoreficedic-
tions, especially for the case of particles with negligithermal
velocity, the cornerstone of the popular “cold dark mat{&@DM)
theory. As a result, we now understand fairly well (i) thetista
tics of CDM clustering on large scales and its dependencéden t
cosmological parameters (e.g.. Jenkins et al. 11998; Serétal.
2006); (i) the dynamics of its incorporation into non-lareunits
(“haloes”) (see, e.g., Wang etlal. 2011, and referencesiti)eand,

The past two decades have witnessed the emergence of agmaradi
for the origin of structure in the Universe. There is now sgy@v-
idence that the dominant forms of the matter-energy cordaent

a combination of a mysterious form of “dark energy” that gov-
erns the late expansion of the Universe, and “dark matten* co
tributed by some kind of non-baryonic, weakly interactiteneen-
tary particle left over from the Big Bang. Although the exaet
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at least empirically, (iii) its spatial distribution withisuch virial-
ized structures(e.g., Frenk ef al. 1935; Navarro gt al. |19967;
Moore et all 1999; Jing & Suto 2002; Navarro el al. 2004, 2010)

Progress in this field has been guided by N-body sim-
ulations of ever increasing numerical resolution and dyinam
range (e.g. Frenk etial. 1985; Navarro etlal. 1997;: Moorelet al
1999; | Jing & Suta_2002; Navarro etial. 2004; Gao ef al. 2004a;
Diemand et al. 2004a, 2007; Gao el al. 2008; Springel et 8B20
Stadel et all. 2009; Navarro et al. 2010). These simulatioaes-
sential to investigate highly non-linear scales such ashtiees
of individual galaxies and galaxy groupings, where simplaly-
ical approximations fail. A few key properties of CDM halca®
now widely agreed upon, at least when the effects of baryoms a
neglected: (a) the presence of a central density “cusp”stfiong
deviations from spherical symmetry; (c) a remarkable siritit in
the shape of their mass profiles; and (d) the presence of abtind
substructure in the form of self-bound “subhaloes”.

On the scale of individual galaxies, these key predictiangh
been confirmed and refined by the latest simulation work, m pa
ticular the Via Lactea simulation series (Diemand et al.A0the
GHALO simulation {(Stadel et al. 2009) and the Aquarius Project
(Springel et al. 2008b,a; Navarro etflal. 2010). For exantpéecen-
tral density cusp is now accepted to be shallower than hgsatad
in some earlier work and mass profiles have been shown to e onl
approximately self-similar. Further, it is now clear théthaugh
subhaloes are subdominant in terms of total mass, they iire st
dense and abundant enough to dominate the annihilatioati@uli
from a halo.

As shown by Springel et al. (2008a), the latter statement re-
quires a detailed characterization of the substructuotydiing the
internal properties of the subhaloes, their mass functad, their
spatial distribution within the main halo. The Aquarius jeob has
provided compelling, if mainly empirical, guidance to eaflthese
issues in the case of haloes similar to that of the Milky Way.dx-
ample, the subhalo mass function is well approximated byaepo
law, dN/dM O M~19 whose normalization, in scaled units, seems
independent of halo mass. In addition, subhaloes tend fid &ve
central region of the main halo and are more prevalent in thero
regions. Interestingly, their spatial distribution apfsedadependent
of subhalo mass; a result that, if generally applicable ptfias
substantially the characterization of substructure. IFirthe inter-
nal structure of subhaloes obeys scaling laws similar tgehaf
haloes in isolation but slightly modified by the effects oé tiidal
field of the main halo: subhaloes are “denser”, reaching ek
circular velocity at radii roughly half that of their isotat counter-
parts.

Galaxy clusters are a promising venue for testing these pre-
dictions. The central cusp, for example, can be constraimed
combining measurements of the stellar kinematics of theéraken
galaxy with a lensing analysis of radial and tangential $arear
the cluster center (e.d.. Sand etlal. 2002, 2004; Menegieili
2007; Newman et al. 2009; Zitrin etial. 2011). Outside theyver
center, the cluster mass profile can be measured throughleresk
ing (see, e.gl, Oguri etal. 2011; Umetsu et al. 2011), X-tag-s
ies of the hot intracluster medium (ICM; e.q,_Buote et al. 200
and, more recently, through the ICM Sunyaev-Ze'ldovicleetfion
the cosmic microwave background (see, €.9.. Grallalet &fl 20n
many cases, including substructure seeaggiiredin order to ob-
tain acceptable fits (e.g. Mao & Schnelder 1998; Mao et al4200
Xu et al! 2009; Natarajan etlal. 2007, 2009), implying thahiuld
be possible to contrast observations directly with the CDM-s
structure predicted by simulations.

Such endeavour has so far been hindered by the lack of ultra-
high-resolution dark matter simulations of galaxy clusteompa-
rable to the Aquarius series. Indeed, the highest-resolgalaxy
cluster simulations published to date have at most of ordewa
million particles within the virial radius (e.g. Jing & SUN00;
Springel et al.. 2001a; Diemand et al. 2004a; Reed|et al. | 2005)
roughly one thousand times fewer than the best resolved rAqua
ius halo. None of these cluster simulations are thus ablddcess
conclusively issues such as the structure of the centrgl cuthe
properties of cluster substructure.

Although it may be tempting to appeal to the nearly self-
similar nature of CDM haloes to extrapolate the Aquariusilitss
to cluster scales, it is unclear what systematic uncerégimhight
be introduced through such extrapolation. Clusters are, dy-
namically young objects up to one thousand times more massiv
than individual galaxies. They thus trace scales where B C
power spectrum differs qualitatively from that of galaxi€seci-
sion work demands that the near self-similarity of dark Balbe
scrutinized directly in order to provide definitive prediicts for the
CDM paradigm in these scales.

To this aim, we have carried out a suite of simulations, de-
signed to address these issues in detail. The Phoenix Pfojec
lows the design of the Aquarius Project and consists of zaeime
resimulations of individual galaxy clusters drawn from &moo-
logically representative volume. The simulations followyothe
dark matter component of each cluster, and include the firai-s
lation of a cluster-sized halo with more than dpi#ion particles
within the virial radius. Like the Aquarius Project on gafascales,
the large dynamic range of these simulations allows us tbepro
not only the innermost regions of cluster haloes and thusttie-
ture of the central cusp, but also the statistics, intertraicture,
and spatial distribution of cluster substructure over asmasge
spanning seven decades.

Our paper is organized as follows. In Sectidn 2, we describe
our numerical techniques and introduce the simulationSet;[ 3
and Sec[ ¥ discuss, respectively, the density profile anstrsuds
ture properties of Phoenix haloes and compare them wittetbbs
Agquarius. Sed.]5 summarizes our main conclusions.

2 THE NUMERICAL EXPERIMENTS

The Phoenix Project consists of a series of simulations 6fférd

ent galaxy clusters with masses exceeding?®*h~1M.,. These
clusters were selected from a large cosmological box arichves
lated individually at varying resolution. Details of thesi@ulation

procedure are given below.

2.1 Cosmology

All the simulations reported here adopt the cosmologicahipa
eters of the Millennium Simulation (Springel et al. 2009y =
0.25,Qp = 0.75,08 = 0.9, ns = 1, and a present-day value of the
Hubble constanHg = 100hkm s Mpc1 = 73 km s Mpc1.
This is also the set of cosmological parameters adoptedhfor t
Aquarius project/(Springel et al. 2008b), which targetetbés a
thousand times less massive. Although they are inconsigtim
the latestCMB data (Komatsu et al. 2011) the differences are not
large (the main difference is that a lower valuesgf= 0.81 is now
preferred) and they are expected to only affect the abumdahc
cluster haloes rather than their detailed structure andtsidiure
properties. This choice also has the advantage that argratiite
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Figure 1. Images of cluster Ph-A at four different numerical resolngi. Each panel projects a cubic bolw§ Mpc on a side. The brightness of each

image pixel is proportional to the logarithm of the squarghef dark matter density projected along the line of sight, thve hue encodes the local velocity

dispersion density-weighted along the line of sight (se&fte details). This rendering choice highlights the preseof substructure which, although abundant,
contributes less than about 10% of the total mass within ittie vadius.

between Aquarius and Phoenix haloes can be traced to tleestitf to sample the tail of rare rich clusters three further Phoehis-
mass scales and not to variations in the cosmological model. ters were selected from the nine Millennium haloes viitfpg >
10'°h~1IM,.

The initial conditions for resimulation were set up using a
procedure analogous to that used for the Aquarius haloeslend
The Phoenix cluster sample is selected for resimulatiom ftioe scribed in detail by Power etlal. (2003) and Springel bt £108&).
Millennium Simulation friends-of-friends group catalogz= 0. The only difference is that the initial displacements anlbcities
Six clusters were selected at random from the 72 systems with were computed using second-order Lagrangian perturbtémny,
viriall mass in the range & M200/10'*h~t M, < 10. In order as described by Jenkins (2010). All nine haloes were resitedl
at least twice using different numerical resolution (Ie¥eind level
4, respectively). At level 2 each cluster has between 12013&d
million particles within the virial radius; at level 4 eaciistem is
made up of 4 to 6 million particles.

2.2 Cluster Sample and Resimulations

1 We define the virial radius of a clusteggo, as that of a sphere of mean
density 200 times the critical density for closugyy = 3HZ/81G. The
virial radius defines implicitly the virial mass of a clustdf,go, and its
virial velocity, Vago = /GMz00/ 200- We have selected one of the clusters (Ph-A) for a numerical
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Figure 2. The inner~ 1h~1 Mpc of Ph-A-1. Color coding is as in Fifl 1. This figure illstes clearly the strong asphericity of the halo; the presefic
several nested levels of substructure, and the tendenabbbfoes to avoid the halo center.

resolution study and have carried out an extra level-3 ruith(w
roughly 40 million particles withimygg) and a flagship level-1 run,
where we followed 45 billion high-resolution particles in total,
1.03 billion of which are found withirrygg at z= 0. For ease of
reference we label the runs using the convention Ph-X-N revhe
X is a letter from A to | that identifies each individual clussnd

N is a number from 1 to 4 that specifies the resolution leveé Th
simulation parameters are summarized in Table 1.

initial conditions were generated at the Institute for Catagional
Cosmological (Durham University).

The gravitational softening of each run was chosen follgwin
the “optimal” prescription 03). It is keiped in
comoving coordinates throughout each run and is listed bieTa
[@. Our highest-resolution run (Ph-A-1) has a nominal (Plenrm
equivalent) spatial resolution of just 160! pc.

Haloes are identified in each run using the friends-of-figen

We have used for all runs the P-Gadget-3 code, a version of (FOF) group finding algorithm with linking length set to 20% of

Gadget-2 05) especially optimized fasmed-

in cosmological resimulations in distributed-memory niasg-
parallel computers. The code is identical to that used f@Athuar-

ius Project [(Springel et Al. 2008b). The simulations wenei@d
out on Deepcomp 7000 at the Supercomputer Center of the &hine
Academy of Science. The largest simulation, Ph-A-1, uselds3of
memory on 1024 cores and took abol fnillion CPU hours. The

the mean interparticle separation (Davis et al. 1985). Buttsire
within FOFhaloes is identified bUBFIND (Springel et al. 2001b),
a groupfinding algorithm that searches recursively for-Belind
subhaloes. BotFOF and SUBFIND have been integrated within P-
Gadget-3 and are run on-the-fly each time a simulation sioajish
created.

We have stored for each run 72 snapshots uniformly spaced
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Figure 3. As Fig.[d, but for all level-2 Phoenix clusters z& 0. Boxes are all 5= Mpc on a side. Note that the appearance of several PhoersitesLis
suggestive of a transient evolutionary stage, charaettiyy the presence of a number of undissolved substructorgimgs. Ph-G-2 is a particularly good
example of this irregular structure which may be tracedsodtent assembly time; this cluster has acquired half issrsiacez = 0.18.

in log;ga, starting ata= 0.017 @ = 1/(1+ z) is the expansion than 20 particles identified IBUBFIND insider,qg; fsypis the total
factor). The initial conditions are setzgj; = 59. The large number mass contributed by these subhaloes, expressed as arfraftiee
of outputs is designed to allow us in future work to implensami- virial mass.

analytic models of galaxy formation in order to follow theawtion

of the baryonic component of galaxies within rich clusters.

We list th_e basic structural parameters of Phoe_nix cluglers 3 THE STRUCTURE OF PHOENIX CLUSTERS
redshiftz= 0 in Table[2. These include the peak circular veloc-
ity, Vmax, and the radiusrmay, at which it is reached; the half-  We shall focus our analysis on the properties of Phoenixtetss
mass formation redshift,, when the main progenitor first reaches atz= 0. Figure(l shows Ph-A at the four different numerical reso-
half the final halo mass; the concentration parametessd cg, lutions. As in_Springel et al. (2008a), this and other clusteages
obtained from the best-fit NFW (Navarro et al. 1996, 1997) and are constructed so that the brightness of each pixel is piopel
Einasto (1965) profiles, respectively; the figure of m&@jjryw and to the logarithm of the square of the dark matter densitygutejd
Q. associated with each of those fits; and the Einasto “shage” p along the line of sight,
rametenn. (See the Appendix for definitions corresponding to these s
fitting formulae.)Nsyp is the total number of subhaloes with more  S(X.Y) = /P (r)dz @
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Name mp M200 r200 N2oo € I'conv
=M [h~Mg) [h~*Mpc] [h~*kpd  [h~*kpc]
Ph-A-1  6355x10° 6.560x 10™ 1413 1032269120 015 12
Ph-A-2 5084x10° 6.570x 1014 1414 129235472 032 27
Ph-A-3  1716x10° 6.566x 10™ 1.413 38261560 a7 42
Ph-A-4 1373x10° 6.593x 1014 1.415 4802516 28 94
Ph-B-2  6127x10° 8.255x 10™ 1.526 134718112 032 30
Ph-B-4 1656x 107  8.209x 104 1.522 4956688 28 107
Ph-C-2  4605x 10°  5.495x 10™ 1.386 119324008 032 26
Ph-C-4 1182x 107 5.549x 104 1.383 4696046 28 92
Ph-D-2  4721x10° 6.191x 10™ 1.386 130529200 032 27
Ph-D-4 1373x10°7 6.162x 1014 1.384 4488330 28 94
Ph-E-2  4425x10°  5.969x 10™ 1.369 130529200 032 24
Ph-E-4 1017x10® 5.923x 1014 1.366 5824,375 28 84
Ph-F-2  4425x10°  7.997x 10™ 1.509 129221,216 032 28
Ph-F-4  1682x 107  8.039x 104 1.512 4779008 28 103
Ph-G-2 8599x 10°  1.150x 10%° 1.704 133730,958 032 32
Ph-G-4 2907x10° 1.148x 10 1.703 3949310 28 131
Ph-H-2  8600x 10°  1.136x 10° 1.686 129488 456 032 29
Ph-H-4 2502x10°® 1.150x 105 1.686 4456720 28 118
Ph-I-2  1841x10° 2411x10% 2.185 131845620 032 29
Ph-1-4  4559x 10°  2.427x 101 2.181 5289259 28 142

Table 1.Basic parameters of the Phoenix simulations. Each of the matoes is labelled as Ph-X-N, where the letter X (from A tdéntifies each halo, and
N, which runs from 1 to 4, refers to the numerical resolutibis(highest). The parametey, gives the particle mass in the high-resolution region theltides
the clusterMzqo is the virial mass of the halayqg is the corresponding virial radius; aiNdgg states the number of particles insiggo. The parameteg is
the Plummer-equivalent gravitational softening lengthttet pairwise interactions are fully Newtonian when sefst by a distance greater tha@2 The
last column lists the “convergence radiugsny, outside which the circular velocity is expected to coneeigbetter than 10%.
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Figure 4. Left panel Spherically-averaged density profile of halo Ph-Azat 0. Different colors correspond to the four different resioln runs listed in
Table[d. The panel on the left shows the density multipliedbyn order to enhance the dynamic range of the plot. Each prisfighown with a thick

line connecting filled circles from the “convergence ratliusony, outwards|(Power et El. 2003). Thin curves extend the psofilevards down ta = 2¢,
wheree is the Plummer-equivalent gravitational softening leny#rtical dotted lines indicate, for each run82, the distance beyond which pairwise particle
interactions are fully Newtonian. Note the excellent nuigaconvergence achieved for each simulation outside thgi,. An NFW profile with concentration

¢ = 5.63 (thin dashed brown line) and an Einasto profile witk 0.22 andcg = 5.59 (thin dashed magenta line) are also shown for compariRight panel
Logarithmic slope = —dInp/dinr) of the density profile as a function of radius. Colors ane ligpes are the same as in the left panel. Note again the
excellent convergence achieved in all runs at radii outideconvergence radiusony-
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Name Vimax I'max Zy Ce c Q&  Qnw a Nsub fsup  Coff
[kms™1]  [h~IMpc]
Ph-A-1 152182 055 117 559 563 0037 0093 Q215 192206 Q080 Q04
Ph-A-2 152724 055 117 572 596 0039 Q075 Q216 26896 Q071 Q04
Ph-A-3 152941 056 117 569 604 0038 Q061 Q218 8478 Q062 Q04
Ph-A-4 153838 059 117 571 614 0052 Q063 Q219 1049 Q049 Q04
Ph-B-2 16242 053 046 441 419 0127 Q108 0235 38659 Q108 Q02
Ph-B-4 162312 056 046 440 406 0107 Q117 0276 1657 Q081 Q02
Ph-C-2 129419 065 076 427 511 0077 Q104 0181 33529 Q114 Q06
Ph-C-4 131019 078 076 434 472 0085 Q112 Q185 1489 Q095 Q06
Ph-D-2 139313 068 046 388 408 0122 Q086 0205 38199 Q124 Q05
Ph-D-4 143610 065 046 403 434 0136 Q127 Q212 1491 Q093 Q05
Ph-E-2 13858 065 091 348 519 0067 Q135 Q149 33678 Q101 Q04
Ph-E-4 13996 068 091 402 482 0048 Q079 Q181 1547 Q070 Q04
Ph-F-2 15437 060 11 381 461 0053 Q048 0186 31247 Q095 Q05
Ph-F-4 155914 062 11 400 454 0059 Q057 Q203 1547 075 Q05
Ph-G-2 156175 106 018 078 333 0100 Q221 Q097 42528 Q168 Q17
Ph-G-4 159917 104 018 110 298 0109 Q164 Q116 1586 Q140 Q17
Ph-H-2 167643 114 021 198 466 0155 Q212 Q117 35048 Q095 01
Ph-H-4 171019 114 021 275 359 0109 Q115 Q178 1437 Q069 01
Ph-l-2 223605 103 056 418 486 0041 Q059 Q190 35754 Q102 Q02
Ph-l-4 226909 105 056 448 502 0045 Q051 Q208 1641 Q073 Q02

Table 2. Basic structural parameters of Phoenix clusters-at0. The leftmost column labels each run, as in Téble 1; thergtaad third columns list the
peak circular velocityWmax, and the radiugmax, at which it is reached. The concentration parameters di¢seNFW|(Navarro et &l. 1996. 1997) and Einasto
(Einastd 1965) fits are listed undermndcg, respectivelyQnrw and Qg are the figures of merit of the best NFW and Einasto fits, reisgbe The column
labelleda lists the Einasto shape parametey,, denotes the total number of subhaloes with more than 2Qlesrtidentified withirnrog; fsyp is the fraction

of the virial mass contributed by such subhaloes; dyads the distance from the gravitational potential minimunthie center of mass of particles within the

virial radius, in units of »gg.

while the color hue encodes the mean dark matter velocipedis
sion,

1

Sxy)

Here the local dark matter densityr) and the local velocity dis-
persionojoc(r) are estimated using aBPH kernel interpolation
scheme.

Figure[1 shows that the main result of increasing the number
of particles is the ability to resolve larger numbers of salbbs. On
the other hand, the main properties of the cluster, sucts ahépe
and orientation, the overall mass profile, and even the ilmTatf
the largest subclumps remain invariant in all four Ph-Aizzdions.

Fig.[2 is analogous to Fi@] 1, but for the innerlh—1 Mpc
of Ph-A-1 (our highest resolution run). This image hightgthe
strong asphericity of the halo, as well as the presence @rakv
nested levels of substructure (i.e., subhaloes within zialeis). It
also shows that subhaloes tend to avoid the central regidmese
characteristics are shared with galaxy-sized haloesr{8elret al.
2008a), and appear to be typical of CDM haloes on all massscal

Fig.[3 is analogous to Fif 1 but for all level-2 Phoenix haloe
atz=0. This figure shows that the main characteristics of Ph-A de-
scribed above are common to all Phoenix clusters: strorgeaisp
ity; abundant substructure; and a marked difference betvlee
spatial distribution of mass (which is highly concentratadd that
of subhaloes (which tend to avoid the central regions).

Fig.[3 also highlights an important characteristic of aust
sized dark matter haloes: the presence of “multiple cehtexsed

o(x.y) JEGISOLE @

by groups of subhaloes, as well as the overall impressiamibay
systems are in a transient, unrelaxed stage of their ewalufihis
is expected, given the late assembly of the clusters: Ph-f6¢2
example, assembled half its final mass after 0.18; the median
half-mass assembly redshift for all Phoenix clusters isz&s0.56.
Ph-A, on the other hand, appears relaxed; this cluster ledsidif-
est formation redshift of our samplg, ~ 1.2.

The late assembly and concomitant departures from equilib-
rium are characteristics that set clusters apart from gadized
haloes; for comparison, the median half-mass formatioghiébf
Aquarius haloes ig ~ 2. Table[2 lists two guantitative measures
of departures from equilibrium: the fraction of mass in sus
tures, fs,, and the offset between the center of mass of the halo
and the location of the potential minimumh,;. These are signifi-
cantly larger than in Aquarius and correlate well with therfation
redshift,z,.

3.1 Mass Profiles

We explore in this section the spherically-averaged masfd¢s of
Phoenix haloes. We begin by using the four Ph-A realizatioms-
sess the limitations introduced by finite numerical resotutFig[4
shows the density profilg(r), as well as the radial dependence
of the logarithmic slopey = —dInp/dInr, for Ph-A-1 through
Ph-A-4. As discussed by Power ei al. (2003) and Navarro et al.
(2010), the mass profiles of simulated haloes are robustigr-de
mined in regions where the two body-relaxation time excekds
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Figure 5. Spherically-averaged density (left panels) and logavithstope (right panels) of all level-2 Phoenix haloes as &tion of radius. Radii have been
scaled to the virial radius of each halo in the top panels aritlg “scale radius™ _», of the best-fit Einasto profile in the bottom panels. Profilesplotted
down to the convergence radiugen,. The thick dashed black line shows the average density @raffiall Phoenix haloes, computed after stacking the nine
haloes, each scaled to its own virial mass and radius. Thk thd dashed line shows the result of the same stacking guogebut applied to the Aquarius

haloes.

age of the Universe. This constraint defines a “convergeaee r
dius”, rcony, outside which properties such as the circular velocity,
Ve = (GM(< ) /r)%/2, are expected to converge to better than 10%.
SinceV; is a cumulative measure we expeginy to be aconserva-
tive indicator of the innermost radius where local estimatesef t
density,p(r), converge to better than 10%.

This is indeed the case for Ph-A, as shown in Elg. 4. The left
panel shows(r), multiplied by r? in order to remove the domi-
nant radial trend so as to enhance the dynamic range of the plo
Thick lines highlight the radial range of the profile outsitle con-
vergence radius; the density clearly converges to betber 10% at
radii greater thamcony. In those regions the logarithmic slopés
also robustly and accurately determined. We conclude thatony
provides a simple and useful prescription of the regionsfected
by numerical limitations. We listcony for all Phoenix runs in Ta-
ble[d.

The thin dashed lines in Fig.4 indicate the best-fit NFW
(brown) and Einasto (magenta) profiles, computed as destiib
the Appendix. The NFW shape is fixed in this log-log plot, vwaeer
the Einasto shape is controlled by the parametewhich is found
to be 0215 by the fitting procedure when applied to the Ph-A-1
profile. This figure suggests that the shape of the mass pd#file

viates slightly but systematically from the NFW profile. Adugh

it is possible to obtain excellent fits over the resolvedahdinge
with the NFW formula (typical residuals are less thai0%) there
is clear indication that the density profile near the cergeshial-
lower than the asymptotic1 NFW cusp. In agreement with re-
sults from the Aquarius Project (Navarro ef al. 2010), thetitle
indication that the central density cusp of Ph-A is approagia
power-law; the profile gets gradually shallower all the wayoi the
innermost resolved radius. This radial trend is very wediadibed
by the Einasto profile.

Fig.[3 shows the density profiles of all level-2 Phoenix hgjoe
in a format similar to that of Fi§Ll4. The top panels show radiled
to the virial radius of each cluster, whereas those at theimghow
radii in units of the “scale radiust,_», of the best Einasto fit. Pro-
files are shown from the convergence radigsgy, Outwards.

In general, the density profiles of Phoenix clusters become
gradually shallower towards the center; frgm 3 in the outer re-
gions to an average value pf- 1 at the innermost resolved radius.
There is also significant halo-to-halo scatter in the prafilepe:
Ph-A-2, for example, follows the steady declineyitowards the
center exhibited by Ph-A-1 (and characteristic of Aquahiakoes),
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to the same composite profile, but applied to the 6 galaxgesievel-2 Aquarius haloes.

whereas in other cases, such as Ph-K-&ays roughly constant
over a wide radial range near the center.

This behaviour is poorly captured by the Einasto or NFW fit-
ting formulae, and leads to larger residuals and figure-efitrmal-
ues for the best fits. NFW and Einasto best-fit residuals ayersh
in Fig.[g; per bin deviations of up to 40% from NFW and20%
from Einasto fits are not uncommon for Phoenix clusters. Oest-
fit figure-of meritQmin values are listed in Tablg 1.)

These deviations may be traced to the effects of transient de
partures from equilibrium induced by the recent formatibmany
Phoenix clusters. For example, one of the worst offendekhis
H-2, which accreted half its final mass sirce- 0.21 and whose
unrelaxed appearance is obvious in Hi§. 3. In contrast, Ph-A
the cluster with highest formation redshift of the Phoergxies
(z» = 1.17) is very well fit by both the Einasto and NFW profiles,
with average residuals of onky 3% and~ 6%, respectively. In-
deed, a well defined correlation may be seen between quamtita
measures of departures from equilibrium (such as the cefisat,
doff, Or the mass fraction in the form of substructufg,, and the
average residuals from the best NFW and Einasto fits (see[Bjbl

It is clear from this discussion that the dynamical youth of
clusters limits the validity of simple fitting formulae to stzibe
their instantaneous mass profile, a complication that meisaken
into account when comparing observational estimates aftetu
mass profiles with the mass profile expected in a CDM-doméhate
Universe.

Stacking several clusters in order to obtain an “averages-cl
ter profile might offer a way of circumventing this difficultyince
it should smooth out local inhomogeneities in the massidistr
tion and average over different dynamical stages to produnere
robust measure of the shape of the mass profile.

This is shown by the thick dashed black curves in Higs. 5
and [®, which correspond to the “average” Phoenix cluster con
structed by stacking all 9 level-2 runs, after scaling eduakter to
its virial mass and radius. Each cluster is given equal weigthe
stacked profile, regardless of its mass. This “averagetetysofile
is much better described by the Einasto and NFW profiles. Com-
pared with the galaxy-sized Aquarius haloes (whose staoiade
is shown by the thick dashed red curves) the average Phoaltx h
(Qe = 6.5%) is only slightly worse fit by an Einasto profile than

Aquarius Qg = 1.8%). There is also a slight difference in shape
parameter; the Phoenix stacked clusterdnas0.174 whereas the
Aquarius stacked halo has= 0.155, in agreement with previously
reported trends (Gao etial. 2008).

3.2 Projected Profiles

Aside from dynamical youth, another issue that complicdtesn-
terpretation of observations is the fact that, due to thetelis as-
phericity, projectedmass profiles, such as those measured through
gravitational lensing, may differ substantially from sileprojec-
tions of the 3D spherically-averaged profiles discussedabo

Depending on the line of sight, a cluster may appear more or
less massive within a given radius, leading to biases inlthstar’s
estimated mass, concentration, and even the shape of is&tyden
profile. We show this in Fid.]7, where we plot the surface dgnsi
profile of two Phoenix clusters, Ph-A-2 and Ph-1-2, eachquigd
along 20 different random lines of sight. The asphericalireabf
the clusters result in large variations (up to a factor of 8jhe
surface density in the inner regions. For comparison, we stisw
in Fig.[q the result of a weak and strong-lensing analysisstfiek
of four massive clusters by Umetsu el al. (2011). The maskeof t
stacked cluster lies between that of Ph-A and Ph-I, whiclieéxg
why, on average, Ph-A(R) profiles lie below the observed data
whereas the opposite applies to Ph-I.

This figure suggests that substantial biases may be inteaduc
by projection effects on estimates of cluster parametepe@ally
when reliable data is restricted to the inner regions of atelu
For example, fitting the inner 5601 kpc of the Ph-A-2 pro-
jected profile with an NFW profile results in mass-concerdrat
(Mago, ©) estimates that vary from &x 10"*h~1M, 4.8) to
(7.3x 10"h~1 M, 9.8) when using the projections that maximize
or minimize the inner surface density, respectively (seg [H).
The corresponding numbers for Ph-I-2 ar8(@ 1014h—1 M), 4.1)
and (30 x 101°h~1 M, 7.1). Comparing these numbers with those
listed in Table 2 we see that variations as large~a30% in the
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Figure 7. Projected density profiles of Ph-A-2 (top) and Ph-I-2 (hoftoWe show 20 different random projections for each clugtbe asphericity of the
clusters leads to large variations (up to a factor of 3) inptiigected density at given radius depending on the lineghftsiOn the other hand, ttehapeof the
profile (as measured by the logarithmic slope= —dInX/dInR, is much less sensitive to projection effects. Data witlrears correspond to the stacked
profile of 4 massive clusters estimated using strong and Vessing data (Umetsu etlal. 2011).

mass and~ 60% in the concentration may be introduced just by
projection effecfs.

We explore this further in Fid.]8, where the small dots show
the mass-concentration estimates for 500 random projectid
each level-2 Phoenix cluster. Large symbols corresponde@b
estimates listed in Tabld 2. The black diamond symbol irtdica
the Mygo-C estimate for the stack of 4 strong-lensing clusters pre-
sented by Umetsu etlal. (2011). This figure again emphadiees t
importance of projection effects; for example, 12% of randwo-
jections result in concentration overestimates largen 2&96. Al-
though an exhaustive analysis of such biases is beyond tipe sc
of the present paper, the results in FIgs. 7 &hd 8 suggeshirat
is no substantial difficulty matching the surface densityfite of
lensing clusters such as those studied by Umetsu et al. Y201t
interpretation thus agrees with that reached by a numbezogint
studies (see, e.q., Oguri eflal. 2011; Okabe ket al.|2010laGxbal.
2011;|Umetsu et al. 2011), which conclude that there is no-obv
ous conflict between the concentration of lensing-selecligsters

2 Note that variations may actually be larger, since thesmats neglect
the possible contribution of the large-scale mass didtdhialong the line-
of-sight.

and those oACDM haloes once projection effects are taken into
account.

Interestingly, despite the large variations in surfacestgral-
luded to above, thehapeof the surface density profile is quite in-
sensitive to projection effects. We show this in the rigatth pan-
els of Fig.[T; the weak dependence yf(R) on projection may
thus be profitably used to assess the consistency of thealrptie-
dictions with cluster mass profiles. For illustration, wangare
in the same panels the logarithmic slope of the projectefli@ro
Yp =dInZ(R)/dInR, with the stacked cluster datalof Umetsu et al.
(2011). Despite the fact that the mass of the simulated asereed
clusters are different and that no scaling has been apyhede
is clearly quite good agreement between observation andri®ho
clusters, supporting our earlier conclusion.

Available data on individual clusters are bound to impronze d
matically with the advent of surveys such as the CLASH survey
with the Advanced Camera for Surveys onboard the HubbleeSpac
Telescopel (Postman et al. 2011). These surveys will enatterb
constraints on the shape of the inner mass profile of indatidah
clusters, and it is therefore important to constrain howjgmtion
effects may affect them. Fifil 9 shows the distributioryptit two
projected radiiR = 3 and 1(h~! kpc. The histograms are com-
puted after choosing 500 random lines of sight for each of%ur
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R < 500h~1 kpc. A total of 500 random projections are used for each halo.
The large filled circles indicate the true value of the viness and concen-
tration of the cluster, obtained from NFW fits to the 3D sptaly-averaged
profile (see Appendikl6 and Tallé 2). The dashed curve flanietbtied
lines shows the fit to the mass-concentration relation ddrbw| Neto et all.
(2007). Note that projection effects lead to significansbrathe mass and
concentration. The black diamond symbol indicateshthgy-c estimate for

a stack of 4 strong-lensing clusters taken firom Umetsu|¢2@l1).

level-2 Phoenix haloes. On average, cluster projectedl@sdfat-
ten steadily toward the center, frofp,) = 0.35 to Q25 in that ra-
dial range, but with fairly large dispersion; the rmsig = 0.054
and 0091 atR = 10 and 31 kpc, respectively. Because of the
large dispersion it is unlikely that observations of a singlus-
ter may lead to conclusive statements about the viabilitgBM;
however, it should be possible to use this constraint fulljtionce
data for a statistically-significant number of clustersdmee avail-
able.

4 THE SUBSTRUCTURE OF PHOENIX CLUSTERS

As may be seen from the images presented in [Hig. 3, substruc-
ture is ubiquitous in Phoenix clusters. We have uS&mFIND
(Springel et al. 2001b) to identify and characterize subrsl We
discuss below the mass function, spatial distribution, iaternal
properties of subhaloes in Phoenix, and contrast them Wittre-
sults obtained for the galaxy-sized Aquarius haloes. Tginout

this section we will refer to the population of self-bountustures
identified bySUBFIND atr < r — 200 as subhaloes.

4.1 Mass Function

We start by analyzing the Ph-A simulation series in orded&ni
tify the limitations introduced by finite numerical resabn. The
top left panel of Fig[CI0 shows the cumulative mass functibn o
subhaloesN(> M), plotted in each case down to the mass cor-
responding to 60 particles. The bottom left panel shows dmees
data, but after weighting the numbers by subhalo misksgy, in
order to emphasize the differences between runs.

The results show clearly how, as resolution improves, the
mass function converges at the low-mass end. Ph-A-4 agriges w
higher resolution runs for subhaloes with mass exceedir®x
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Figure 9. Distribution of the slope of the circularly-averaged suefaen-
sity profile, yp(R), measured at two different radR = 3 and 1001 kpc
in projection. These histograms are based on 500 randoms dihsight for
each of the level-2 Phoenix clusters. Vertical arrows sh@whlues corre-
sponding to the projected profile of all nine clusters stddkgether. The
profiles become gradually shallower towards the centemiibtlarge scat-
ter: (yp) goes from (85 to Q25 fromR = 10 to 3h~1 kpc, but the halo-to-
halo scatter is quite large, with rms of orde®9 fat 3h~ kpc and 005 at
10h~1 kpc, respectively.

10%h—1M,,, corresponding to roughly 150 particles; the same ap-
plies to Ph-A-3 for mass greater than3x 10°h~1 M., or ~ 170
particles, and Ph-A-2 for 7 x 108h~1 M, or 140 particles. We
conclude that the subhalo mass function can be robustlyrdited

in Phoenix haloes down to haloes containing roughly 150gbest

For level-2 runs this implies a subhalo mass function thansp
over 6 decades in mass down from the virial mass of the halo.

The subhalo mass function is also routinely expressediimster
of the subhalo peak circular velocity. This is shown in thghti
hand panels of Fi§._10; which shows that level-2 Phoenix gives
robust estimates of the abundance of subhaloes doWndo~ 20
kms™1, a factor of~ 75 lower than the main halo'g.

Both the subhalo mass and velocity functions seem reaspnabl
well approximated by simple power laws$:0J M_t andN OV 34,
respectively. Interestingly, thd —1 dependence corresponds to the
critical case where each logarithmic mass bin contributgsky
to the total mass in substructure. The latter is logaritathicdi-
vergent adMg,, approaches zero, and implies that a large fraction
of the mass could in principle be locked in haloes too smaligo
resolved by our simulations. We note, however, that evelmeatds-
olution of Ph-A-1, which resolves a range of nearly 7 decades
mass, only 8% of the mass withiagg is in the form of substruc-
ture. Clearly it will be quite difficult to confirm directly ghslow
logarithmic divergence of the subhalo mass function.

Fig.[11 compares these results with other level-2 Phoeni¢cl
ters in order to assess the general applicability of the Pt
halo mass function. The cumulative number of subhabdes M)
is weighted here bygyn/M2go (left panel) in order to empha-
size differences as well as to enable the comparison of faloe
of different virial mass. Although the subhalo mass funttiex-
pressed in this form, is relatively flat in several Phoenixstérs
(indicative of anN O M~1 dependence) it is clearly declining in
others. The average trend, as indicated by the “stackederi#ho
cluster (thick dashed black curve) may be approximatedhén t
range 10°% < mgyy/Mago < 1073, by N O M %% This is a slightly

sub
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Figure 10. Left: The cumulative mass function of substructure haloes (“ald@s”) within the virial radius of cluster Ph-A at= 0. We compare the results
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well approximated by a power-law| 0 M1, the critical dependence for logarithmically divergenbsmucture massight: Same as left panels, but for the

subhalo peak circular velocity.
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Figure 11.As the bottom panels of Fig. 110, but for all level-2 Phoeniloka. The cumulative mass function (left panel) is weigltgdubhalo mass, expressed
in units of the virial mass. A cumulativid 0 M~ dependence, the critical case for logarithmic divergencihé total substructure mass, corresponds to a
horizontal curve in these scaled units. Although the depeoel is nearly flat in several Phoenix clusters it is cleagigliding in others, and the average trend
seems to be sub-critical. Compared with Aquarius (thickhddsed curve) the average Phoenix subhalo mass functidighsiys steeper. The panel on the
right is analogous to the mass function, but for the subheikircular velocity, weighted by2.,. (See text for further discussion.)

steeper dependence than found for Aquarius hadwes the same
mass rangeN 0 Mg 3% (thick dashed red curve), but still subcrit-
ical.

Fig.[11 also shows that substructure is more prevalent s clu
ters than in galaxy-sized haloes. Indeed, at all valud8sgf,/ Moo
the number of Phoenix subhaloes exceeds that in Aquariuédmy a

tor of ~ 25%. This is another consequence of the dynamical youth

of clusters compared to galaxies (tides take a few orbitasi to
strip a subhalo), as may be verified by inspection of Tablen1: i
the cluster that forms latest, Ph-G, substructure makesughty
17% of its virial mass, but only 8% in the case of Ph-A, theieatl
collapsing system of the Phoenix series.

Interestingly, as a function &fnax/V200, the comparison be-
tween the Aquarius and Phoenix subhalo functions reversgg-(
hand panel of Fig.11). At given velocity (scaled to viriad)b-

haloes are more abundant in Aquarius than in Phoenix. Thas is
consequence of tidal stripping, which affects Aquariushsiies
more. Indeed, since tides act to remove preferentially therae-
gions of a subhalo they affect more its mass than its peaklairc
velocity.

For example, as discussed by Pefarrubialet al. (2008), afte
losing half of its mass to tides the peak velocity of a subhalo de-
creases only byw 25%. Even after losing 90% of its ma¥gax
is only reduced by about one half. Because Aquarius halaes fo
earlier, their subhaloes have been accreted earlier arelthave-
fore been, on average, more stripped than Phoenix subhidaes
ing to higher velocities than expected for their bound mass,
shifting their abundance when measured in terms of pealcvelo
ity. In the range M3 < Vimax/V200 < 0.2 the subhalo function has



10t ETTT T T T T T T T T
E 73
E / ]
L L i
7
107 7 =
E . //// E
E N o 3
= \| ’ |
— r ’ —
ks 3 7
= 10 E > E
3 E Subhalos (Ph-A-1) 3
£ r Py .
[ 5707 2, Isolated halos (Ph-A-1)
£ R __ Subhalos (Ag-A1) ]
-4

107E N -7 AWt oL Isolated halos (Ag-A-1)5
E Neto et al. 2007 E

10° Kl M| Ll L

1 10 100
Vo [$7kM]

Figure 12.Peak circular velocityymax Vs the radius at which it is reached,
rmax- The solid cyan curve indicates thgax-Vmax relation obtained for iso-
lated haloes in the Millennium Simulation by Neto et al. (ZPBubhaloes
in both Phoenix (solid black curve) and Aquarius (solid rddyiate sys-
tematically from this relation towards smallgfax at given velocity. This
is a result of tidal stripping, which shifts the location betpeak inwards
while changing little the peak velocity. Isolated haloesnitified in Aquar-
ius and Phoenix (shown with dashed lines) are not subjedtiés tind are
in good agreement with the Millennium Simulation results.

the form Ny = 0.015(Vimax/V200)"3# in Phoenix andN-y =
0.033(Vimax/V200) 32 in Aquarius.

The effects of tidal striping on Phoenix subhaloes is shown
in Fig.[12. Here we ploVmax Vs I'max for subhaloes identified in
Ph-A-1 (solid black curve). This relation is clearly off§eim the
mean relation that holds for isolated haloes in the MillemmiSim-
ulation, as given by Neto etlal. (2007) (cyan line). As expddor
haloes that have undergone tidal strippingax shifts inwards as
the subhalo loses mass whilst leaving the peak velocityivelg
unchanged (Peflarrubia etlal. 2008). Support for thispné¢ation
may be found by inspecting the same relation for “isolatealdfs
in Phoenix (i.e., those outside the main halo and that aremet
bedded in a more massive structure; see dashed lines)the
Vimax relation for these systems is consistent with that of Milen
nium haloes.

Fig.[12 also includes results for isolated haloes and sokkal
in Aquarius. This allows us to characterize the structueabme-
ters of subhaloes over a range spanning more than two deitades
velocity (and thus over six decades in mass). On averaghakés
follow the same max-Vimax scaling relations as isolated haloes, but
shifted by about a factor of two in radius (or, alternatiydby
~ 30% in velocity).

We conclude from the discussion above that although sub-
structure is not independent of halo mass, the changes &tragh
ture abundance are relatively weak when comparing the $abe
clusters and galaxies. The subhalo mass function of chjstealed
to halo virial mass, is similar in shape to that of galaxyesihaloes
(which are roughly one thousand times less massive), biit avit
slightly higher normalization~ 25%). The total mass in substruc-
ture increases with the dynamical youth of the system ancbigm
prevalent in clusters than on galaxy scales, but only wesddyhe
average mass fraction in substructures is 11% for AQuands/&o
for Phoenix haloes.
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4.2 Spatial Distribution

The distribution of subhaloes within the main halo has bédwn t
subject of many studies (e.g. Ghigna et.al. 2000; Diemantl et a
2004b;| De Lucia et al._2004; Gao ef al. 2004&,b; Springel et al
2008a;| Ludlow et al. 2009) over the past decade. This work has
demonstrated that substructure does not follow the santgakpa
distribution as the dark matter: subhaloes tend to popyleté&
erentially the outskirts of the main halo, and their spatiatribu-
tion is much more extended than the mass. It also hinted hieat t
number density profile of subhaloes is roughly independestiio-
halo mass, at least in the subhalo mass range where sinmslatio
resolve them well and where they exist in sufficient numbers t
probe meaningfully their spatial distribution. This resuhs been
confirmed recently by the Aquarius simulation suite for leslsim-

ilar to the Milky Way (Springel et al. 2008a).

A number of observational diagnostics depend on the spatial
distribution of substructure, and it is therefore impottém ver-
ify that this result holds also on galaxy cluster scales. &@m-
ple, recent analyses indicate that total flux of dark matteri-a
hilation radiation is expected to be dominated by low-mags s
haloesl|(Kuhlen et al. 2008; Springel etlal. 2008b; GaoetHl1 P
It is therefore crucial to constrain their spatial disttiba in or-
der to understand the expected angular distribution of tinéhda-
tion flux and to design optimal filters to aid its discoverygse.g.,
Pinzke et al. 2011; Gao etlal. 2011).

We show the number density profile of subhaloes in [Eig. 13.
The left panel shows the profiles for each of the 9 level-2 Rixoe
haloes (thin lines), as well as the profile correspondingaoksng
all 9 haloes after scaling them to the virial mass and radiesch
cluster (thick dashed black curve). All subhaloes with mibran
100 particles have been used for this plot. This figure glezoh-
firms the results of earlier work: the subhalo distributiermore
extended than that of the dark matter; In addition there il w
defined “core” in the central density of the subhalo disttity
Subhaloes primarily populate the outskirts of the main halo

There is also considerable halo-to-halo scatter, espeoigdr
the center, where the number density of subhaloes may vamp by
to a factor of three. Comparing the average number densitijigor
of Phoenix with that of Aquarius (thick red dashed curveesds
that cluster subhaloes are slightly more abundant neareheg
by up to 50% atr = 0.1rqg. In the outskirts of the main halo
both Aquarius and Phoenix give similar results. As discddse
Ludlow et al. (2009), the number density profile can be fitted a
curately by an Einasto profile (dd. 4), just like the dark exathut
with quite different shape parametecs~ 1 for subhaloes but of
order~ 0.2 for the main halo. An Einasto fit to the Phoenix subhalo
profile yieldsr_, = 0.25r,09 anda = 1.0. For Aquarius, the same
procedure yields_» = 0.21rg9p anda = 1.0, and a central density
normalization lower by a factor of.3, when expressed in units of
(ny, the mean number density of subhaloes withig.

Simplified schemes for populating dark matter simulations
with galaxies make a variety of assumptions about how t@assi
galaxies to subhaloes. A number of authors have argued fthat a
though present subhalo mass and maximum circular-velecgy
strongly affected by tidal stripping and so are poor indicaitof
galaxy properties, the mass or circular velocity at infadl plau-
sibly much better and give good results when used in subhalo
abundance matching analyses (Vale & Ostriker 2004; Cortrali e
2006; Behroozi et al. 2010; Guo etlal. 2010). We study this=iss
Fig.[d14, which shows stacked number density profiles for aldbh
samples defined above thresholds in present mass, presgiaci
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Figure 13. Subhalo number density profiles. The panel on the left shbespatial distribution of subhaloes with more than 100iglag in each of the 9
Phoenix level-2 clusters. Each profile is normalized to teemdensity of subhaloes within the virial radius. The thdelshed black curve traces the result of
stacking all 9 level-2 Phoenix haloes. The profile obtainfeer atacking all level-2 Aquarius haloes is shown by thedashed curve. Note that subhaloes are
slightly more concentrated in the case of Phoenix than ofafigs. The panel on the right shows the density profile of ald@s in different bins of subhalo
mass, computed after stacking all 9 level-2 Phoenix clastéote that the spatial distribution of subhaloes is apprately independent of subhalo mass.
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Figure 14. Stacked subhalo number density profiles as a functiormbo
for the nine Phoenix haloes and for different definitionshefifower subhalo
“mass” limit. The solid line shows the radial profile for alllshaloes whose
progenitors had a maximum circulslax exceeding 45kms' when they
first fell into the cluster; the dot-dashed line shows a simprofile but
for subhaloes with/yax greater than 30km ¢ at the present day; finally
the dashed line show the profile for all subhaloes contaimioge than 200
bound particles. For comparison, a dotted line shows tl&etbdark matter
mass profile of the clusters. The profiles are normalisedtegiate to the
same value withimzg. Note that none of the subhalo profiles matches the
shape of the dark matter profile within2Bro.

velocity and infall circular velocity. Note that these tihelds are
chosen so that each sample contains roughly 6000 subh#toes.
agreement with earlier work, we see that sample definitianaha
substantial effect on the inferred radial profile of the salbtpop-
ulation. Subhalo samples defined by present mass havesaallo
profiles than samples defined by present circular velocitychvin

turn have shallower profiles than samples defined by infedLiéar
velocity. Note, however, that all these profiles differ dabsally
from the mean dark matter density profile, especially in tiveer
regions ( < 0.25rq0), whereas observations show the mean galaxy

number density profiles in the inner regions of clusters tmfo
the mean dark matter profiles quite closely (e.g. Carlbead et
1997; Biviano & Girardi 2003; Sheldon et/al. 2009). Semitgiia
models which explicitly follow the formation of galaxies thin
the evolving subhalo population provide a better match ¢oab-
served inner profiles because they include a populationrpfian”
galaxies whose dark matter subhaloes have already beéy tida
stroyed|(Gao et al. 2004b; Wang et al. 2006; Guo gt al.|2011).

Fig.[18 shows the fractional contribution of substructuwe t
the total mass of the halo, as a function of radius, eitheruin c
mulative (left panel) or differential form (right panel)hik figure
shows quantitatively the fact that substructure contabuinly a
small fraction of the halo mass. This contribution peakfanduter
regions; it is only 01% atr = 0.02rpqg but it reaches 10-20% at
the virial radius. The total mass contribution is on averjageover
10% (see also Tab[é 2). Results for Phoenix are similar teafigs,
adjusted up by a modest amount that reflects the overallrlacde
structure fraction present in clusters relative to galsizgd haloes.
This adjustment is mainly noticeable in the inner regiogaaffirm-
ing our earlier conclusion that substructure in Phoenixasenten-
trally concentrated than in Aquarius.

5 SUMMARY AND CONCLUSIONS

We present the Phoenix Project, a series of simulationseofdai
mation of rich galaxy clusters in the concordan®€DM cos-
mogony. Phoenix simulations follow the dark matter compbne
of 9 different galaxy clusters with numerical resolutiomymara-
ble to that of the Milky Way-sized haloes targeted by the Amsa
Project|(Springel et al. 2008a; Navarro el al. 2010). We ntefpere
on the basic structural properties of the simulated clastad their
substructure, and compare them with those of Aquarius ba{®er
main results may be summarized as follows.

Mass Profil es. The recent formation of galaxy clusters
implies that many of them are rapidly evolving and unrelaXéds
results in mass profiles that are less well approximated roplsi
fitting formulae such as the NFW or Einasto profiles than those
of galaxy haloes. Stacking clusters helps to average owtnioh
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Figure 15. Left panel Cumulative fractional contribution of subhaloes (resalwvith more than 100 particles) to the enclosed mass, shevenfanction

of radius for all level-2 Phoenix clusters (thin lines). Actvdashed black curve shows the average trend, computedstficking all 9 Phoenix haloes.
The corresponding result for Aquarius is shown by the thiakhetd red curveRight panel Fraction of total mass contributed by substructure inedéht
radial bins. As in the left panel, only subhaloes with moenti 00 particles are considered; black and red thick dasmesldorrespond to the average trend
computed after stacking all level-2 Phoenix and Aquarideds respectively.

geneities in the mass distribution characteristic of tientsstates.
The mass profile of the stacked cluster does not differ gréatin
that of Aquarius haloes; it can be well approximated by aragin
profile, albeit with slightly larger value of the shape paeten,a,
and significantly lower concentration than galaxy haloes.

is significant halo-to-halo scatter, however, and the aetaeend
is subcritical. In the range 2 1078 < Mgyp/Magg < 1 x 10~* we
find that N>y = 0.010(Msyn/M2go) %8 fits well the composite
subhalo mass function of the 9 level-2 Phoenix clusterkstito-
gether. For comparison, the same procedure for the Aquaaiogs
yieldsNxy = 0.012(Mgyp/Magg) ~ %94

Substructure Spatial Distribution. We con-
firm earlier reports that subhaloes are biased tracers ohahe
mass distribution, avoiding the central regions and irgirgpin
prevalence gradually from the center outwards. As in galhatges,
the subhalo number density profile appears to be indepemdent
subhalo mass, and may be approximated accurately by ant&inas
profile, but with scale radius- 0.25r,9p and a shape parameter
much greater than that of the dark matter distribution;- 1.0.
Phoenix subhaloes are slightly more concentrated tharetbhbs
Aguarius haloes: inside.Dr,g they make up roughly .05% of
the enclosed mass, a factor of 2 to 3 times larger than in Aquar
ius haloes. The difference decreases with increasingsaititotal
Phoenix subhaloes make up on average 11% of the total mass, co
pared with 7% for Aquarius.

Our analysis confirms the remarkable structural similasity
CDM haloes of different mass, whilst at the same time emphasi
ing the small but systematic differences that arise as halssrn-
creases from galaxies to clusters. Many of these differentay
be ascribed to the dynamical youth of galaxy clusters, wheel
to larger deviations of individual clusters from the averagends.
This argues for combining the results of as many clustersoas p
sible in order to average over the transient features ovididal
systems and to uncover robust trends that may be fruitfdim-c
pared with the predictions of th®CDM paradigm.

Density Cusp. The central density cusp has, at the inner-
most resolved radiug dony ~ 2 x 10~3r,00), an average logarith-
mic slope(y) = 1.05+ 0.19, where the “error” refers to the halo-
to-halo rms dispersion of the 9 level-2 Phoenix runs. Thisnlky
slightly steeper than that of Aquarius haloes at comparedilé,
for which (y) = 1.01+ 0.10). Although in some clustegsremains
roughly constant over a sizeable radial range near thercémtae
majority of cases the profile keeps getting shallower alitiag to
the innermost converged radius, with little evidence ofvengence
to an asymptotic power-law behaviour.

Proj ected Profil es. Because of their aspherical na-
ture, the surface density of Phoenix halo varies greatledding
on the line of sight, in such cases by up to a factord at given
projected radius. This affects especially the inner regiiamd may
give rise to substantially biased estimates of a clusteta mass
and concentration. For example, NFW fits to the innert5dokpc
of 9 Phoenix haloes, on average, lead to estimateslgf and
c that can be overestimated by 20% and 80%, respectively, when
the cluster is projected along the major axis and underagtnby
30% and 20% when seen along the minor axis. $hapeof the
surface density profile, on the other hand, is hardly affébtepro-
jection. The average logarithmic slope of the surface dgpsofile
declines gradually towards the center, frgyg) = 0.35+0.091 at
R = 10h~1 kpc to 021+ 0.054 atR = 3h~1 kpc, again with no
clear sign of approaching a power-law asymptotic behaviour

Substructure Mass Functi on. Substructure is more
abundant (by about 20% on average) in Phoenix clusters than
in galaxy haloes. At giveMg,p/M2oo the cumulative number of
cluster subhaloes is higher by about25%, with a tendency for
the excess to increase at the low-mass end. This reflectghdlgli were carried out on the Lenova Deepcomp7000 supercompliter o
steeper subhalo mass function in Phoenix clusters than iraas the super Computing Centre of Chinese Academy of Scienaés, B
haloes. In some cases the subhalo mass function is bestxappro jing, China, and on Cosmology machine at the Institute fom€o
mated by a power law with the critical slopé.yy O ML, There putational Cosmology (ICC) at Durham. The Cosmology mazhin
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6 APPENDIX
6.1 Fitting formulae

The fitting formulae used to describe the mass profile of Pikoen
haloes are the following: (i) The NFW profile (Navarro el #1986,
1997), given by

Ps

PO e @
and (ii) the Einasto profile (Einasto 1965),
In(p(r)/p—2) = (=2/0)[(r/r—2)* - 1]. 4

Because these formulae define the characteristic parameter
a slightly different way, we choose to reparametrise themetims
of r_, and p_» = p(r_»), which identify the “peak” of the?p



profile shown in the left panel of Figl 4. This marks the raditiere
the logarithmic slope of the profilg(r) = —dInp/dinr, equals
the isothermal valugy = 2. We note that, unlike NFW, whem is
allowed to vary freely the Einasto profile is a 3-parameteinjt
formula.

6.2 Fitting procedure

We compute the density profiles of each halo in 32 radial bins
equally spaced in logr, in the rangecony < I < rygo. All haloes

are centered at the minimum of the gravitational potenBiakt-fit
parameters are found by minimizing the deviation betweedaho
and simulation across all bins in a specified radial rangehén
case of the density profile, the best fit is found by minimizing
figure-of-merit functionQ?, defined by

2 1 Noins modeh 2
P = ;(Inpiflnpi h2. (5)

Nbins i

This function provides a simple measure of the level of dis-
agreement between simulated and model profiles. It is diibens
less; it weights different radii logarithmically; and, fgiven radial
range,Q? is roughly independent of the number of bins used in
the profile. The actual value @ is thus a reliable and objective
measure of the average per-bin deviation from a particutzdeah
Thus, minimizingQ? yields for each halo well-defined estimates of
a model’s best-fit parameters.

It is less clear how to define a goodness-of-fit measure as-
sociated withQ? and, consequently, how to assign statistically-
meaningful confidence intervals to the best-fit parametérega
We have explored this issuelin Navarro €t al. (2010) and wex ref
the interested reader to that paper for details.

The Phoenix project 17



	1 Introduction
	2 The Numerical Experiments
	2.1 Cosmology
	2.2 Cluster Sample and Resimulations

	3 The Structure of Phoenix Clusters
	3.1 Mass Profiles
	3.2 Projected Profiles

	4 The Substructure of Phoenix Clusters
	4.1 Mass Function
	4.2 Spatial Distribution

	5 Summary and Conclusions
	6 Appendix
	6.1 Fitting formulae
	6.2 Fitting procedure


