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Abstract. We use simulated merger trees of galaxy-cluster halos ttyshe dfect of the halo concentration distribution on
strong lensing and X-ray emission. Its log-normal shapéeaily found in simulations favors outliers with high comteation.
Since, at fixed mass, more concentrated halos tend to be Mimierd lenses, the scatter in the concentration increases th
strong-lensing optical depth by 50%. Within cluster samples, mass and concentration hawetemcting &ects on strong
lensing and X-ray emission because the concentration asesdor increasing mass. Selecting clusters by concemtitaius

has no &ect on the lensing cross section. The mdBtiently lensing and hottest clusters are typically litgst concentrated

in samples with a broad mass range. Among cluster samplasawiarrow mass range, however, the most strongly lensing and
X-ray brightest clusters are typically 10% to 25% more comceed.

1. Introduction emitters. However, since the concentration is decreasitig w
o . ~increasing mass, thesffects are at least partially reduced.
l.t is widely acc_epted now thatdark-matte_r halos in both _”““ Here, we study theffect of the concentration distribution
tions a_nd reality are less co_ncentrated, I.€. haye _Iarmve on several cluster properties. We use simulated merges tree
core sizes, the more massive they are. This is 'nterpretedo?%luster—sized, dark-matter halos, for which concerdret
a consequence of hierarchical, bpttom-up structure fqmnat are randomly drawn from a log-normal distribution. We focus
More massive halos form later, in a less dense environmelit, . o obhservable quantities, namely the strong-leresing
and thus reach lower central densities. The variety of their ciency and the X-ray temperature and luminosity of thess-clu
dividual formation histories gives rise to a concentratigstri- ters, and model all of them with semi-analytic algorithis ta
bl_Jtion that simulati(_)n_s show 10 be approximately Iog-ndrmﬁlg the importance of major mergers into account. As a matter
with a standard dewatlor.w of 02 . ~ offact, cluster mergers boost both lensirfjgency and X-ray
What dfects does this fairly broad concentration distribusmission|(Torri et a|. 2004: Randall ei al. 2b02).
tion have on observable properties of galaxy clusters, m@st £ jier studies on the sensitivity of strong lensing to the
tably their strong grawtauon_al Ie_n_smg Cross sectlordt_mw concentration of dark matter halos and its scatter exist. In
X-ray temperatures and luminosities? The log-normalidisir ,, tic\jar [ Wyithe et a1 (2001). Keeton & Maddu (2001) and
tion is substantially skewed and allows larger positivetheg- |njen et al. [(2004) focused on the statistics of multiple im
ative deviations from the mean. At fixed halo mass, this sdhmgges as a prbbe of the inner structure of halos. in order to
lead to outliers with higher temperature, higher X-ray ID0%- .+ constraints on the dark matter self-interaction cress s
ity, and I_arger strong-le_nsmg cross sections than expefote tion, on the inner slope of the density profile and on the equa-
the nominal concentration vglue. tion of state parameter for dark energy, respectively. Bs¢h
How are such expectations to be extrapolated to clusiudies isolated and spherical cluster models were always c
samples? Above a given mass limit, halos with lower mass agiglered. Il Oguri et all (2001) thefects of the concentration
generally higher concentration are much more abundant thay inner slope of dark matter halos on arc statistics wete co
more massive and typically less concentrated halos. Ma$s afiered, again assuming axial symmetry for both sources and
concentration havg counter-acnrtge@ts on most ob.servabIeS|enseS, Finally, in_Hennawi etlal. (200MN;body simulations
For example, at fixed concentration, more massive halos @jgre used to analyse the dependence of strong lensing cross
more dficient lenses as well as hotter and more luminous X-ra¥ction on several cluster properties.
The paper is organised as follows. In Sect. 2 we review
* E-mail: cosimo@ita.uni-heidelberg.de the properties of the NFW density profile, the relation betwe
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mass and concentration andfdrent implementations thereof fact that low-mass halos form earlier than massive halolsen t
In Sect. 3, we specify the construction of the cluster samgieerarchical structure-formation scenario in a CDM ursegr
used in our calculations and its properties. Section 4 destr and the assumption that the central halo density reflects the
our results on the relations between halo concentratimmngt mean cosmic density at the formation redshift. This exglain
lensing cross sections and optical depths, X-ray temperatwhy massive haloes are typically found to be less concesutrat
and luminosity. Finally, we summarise our work in Sect. 5 artlan low-mass halos. The average relation between mass and
discuss the conclusions. concentration allows us to characterise halos by a single pa
rameter, usually taken to be the virial maggyo.

2. Dark matter halos

. i 2.2. Concentration
2.1. Density profile

. . . . Three diferent algorithms were proposed in the past to relate
Quiescent dark-matter halos N-body simulations acquiré \he concentration to the virial mass of a dark matter halo.

density profiles well approximated by the NFW (Navarro etal. ne first, byl Navarro et all (1997), defines the formation
1995) fitting formula (seg alsp_Dubinski & Carlberg 1991r;edshiftzc of a dark-matter halo of masl oo collapsed at
Navarro et al. 1996/ _1997; Moore ef al. 1998: Power et abyshiftz as the redshift when half of the final mass was first
2003; Navarro et al. 2004), contained in progenitors more massive than some fradtioh

Ps 1) Mz00. .
(r/r)(L+r/rg)?” Based on the extended Press-Schechter formalism

‘ h le radius/h hel (Press & Schechter 1974; Bond et al. 1991; Lacey & Cole
Its two free parameters are the scale radiusihere the loga- 1993),z. can then be evaluated as a functionfofz and the

rithmic prpfilg slope reaches2, Changing from-3 outside to- final massM»qo. In line with hierarchical structure formation,
wards-1 inside, and the scale density= 4p(rs). For a dark- \r\y assumed the scale density, which depends ontyarce

mhat:]erl halo at redslhlf;, ra is the r(;;tdm_s O&far‘] sphr?re "?‘FOUI” he cosmology is fixed, to be directly proportional to the mea
the halo centre enclosing a mean densithdimes the critical 0 density of the universe &, with a proportionality

densitypc(2) of the Universe at redshiit The mass inside, is constantC. They showed that the-M relation found in a

4 . set of numerically simulated, relaxed dark matter halos at
Ma = pelzmry. (2) 7 = 0is well reproduced iff ~ 0.01 andC ~ 3 x 10%. This

. . _ ) . holds for several dierent cosmological models and initial
According to the spherical collapse model in an E'nSte'n'%nsity-ﬂuctuation power spectra
Sitter universey, is the halo’s virial radius at all redshifts  [5/,5ck et al (2001) confirmea that this algorithm works
; _ 2 \& 19R0: ) ] N . : )
if A = 18° ~ 178 {P%bk"’ 1_980’ Eke el ‘_il' _1996)' IQvell for z = 0, but predicts too high halo concentrations
more general (_:osmolog|es, the virial (_)verdens‘xtywll de- at higher redshiftsw. They require that the typical halo snas
p_e_nd on redshift ar_1d on the cosmological parameters. Usqw*l(zc) at the halo-formation redshitt be a fixed fractiorf of
fitting formulae exist [(Lacey & Cole 1903; Eke ef al. 199646 final halo mas¥lz00. They also relate the scale density of

Br)éa?_ & I\rllorlman 1998), butdwedflollovx;] the (r:]ommrc])n Practic@, e halo to the critical density at the formation redshitt; bise
to define halo massedaoo and radiirzoo here through an over- 5 igarent definition for the scale density. The concentration

density of A = 200. Although they are not virial quantities,found in this way scales with redshift asc (1 + 2L, in con-

they are used because they are independent of redshift and ga.q 5 the much shallower redshift dependence in the NFW
mological parameters and adequately describe regionsiah Vialgorithm

equilibrium. _ _ Finally, Eke et al.[(2001) proposed an alternative explana-
Accordingly, we define the concentration parametecsy g for the c-M relation, using a single parameter instead of

ro00/r's. In terms ofc, the scale radius and the scale density C3fe two parametei@ andf and avoiding problems of the algo-
be expressed as rithm by|Bullock et al. [(2001) with the truncated power spec-
. ( 3Ma00 )1/3 200 3 tra of Warm Dark Matter cosmogonies.They define the halo-
o=

p(r) =

W nd ps 3 pCF(C) (3) formation redshiftz. implicitly by
din 1
respectively, where D.(z)o(Ms) [_W?(MS)} =z (5)
F(c)=In(1+c¢) - ﬁ (4) whereMs is the mass contained within1Zrs, the radius of
+

maximum circular velocity for the NFW density profile(M)

Halo mass and concentration can thus replace the scalesraditthe standard deviation of density fluctuations on the mass

and the scale density as the two parameters fully describing scaleM, andD, (2) is the linear growth factor. They then equate

halo density profile. the scale density as defined by Bullock et al. (2001) to the
It has been firmly established in numerical simulaspherical collapse top-hat density at the formation rdtishi

tions and observations (Wu & Xue 2000; Buote etial. 2007; Thec-M relation by Eke et al! (2001) is probably the most

Comerford & Natarajan 2007) that the halo concentration dgeneral and physically best motivated. It makes use of desing

creases with the halo mass. This is usually explained by fiiteparameter and turned out to reproduce halo concentsation
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in a variety of cosmologies, including those with dynamicdhe reader to Somerville & Kolaft (1999); Randall et ial. (200
dark energy (Dolag et al. 2004). It reproduces the resultiseof [Cassano & Brunetti (2005); Fedeli & Bartelmann (2007a,b).

algorithm by Bullock et al. (2001) for galaxy-sized objedst Each dark-matter halo in the sample is evolved in a num-
reveals significant dierences on cluster scales, as we shall spgr of discrete redshift steps starting from the preserg tim
later on. to a source redshift; randomly drawn from the observed dis-

At fixed halo mass and formation redshift, the concentrgipution of faint blue galaxies parameterised [by Smaillst a
tion parameters of numerically simulated dark-mattersiale  (1995) (see also Bartelmann & Schneider 2001). This distrib
log-normally distributed around the median valagrepro- tion peaks ats ~ 1.2, rendering the region aroumd~ 0.3-0.5

duced by the algorithms described above, the most geometricallyfgcient for gravitational lensing.
1 (Inc—Inco)? At each discrete redshift step between redshifts zereand

p(c)dc = R dinc, (6) the merger tree of an individual halo contains the halo mass

oo V2r o itself and a randomly assigned mass increment compared to
with a standard deviation of; ~ 0.2 (Jing 2000; Bullock et al. the previous redshift step. This quantifies the magnitude of
2001; Dolag et al. 2004). the merger or smooth accretion process the halo is undeygoin

The log-normal distribution[{6) is skewed towards higwithin the respective time interval.
concentrations. Its maximum occursat= coexp(—a-g) < Cp, As inlFedeli & Bartelmann (2007a), we twice compute the
and the probabilities for < ¢y andc > cg are equal. The meanstrong-lensing €iciency of each dark-matter halo at each red-
concentration is (Coles & Jones 1991) shift step, first assuming that the halo can be charactebged
) an unperturbed NFW density profile with elliptical isopdieh

H1= COeXp(O'C/z) ’ (") contours (we choose = 0.3 for the ellipticity, in agreement

withIMeneghetti et al. 2003b), and a second time includirg th
merger process experienced by the halo.

H2 = [GXP(O'g) - 1] ) (8) Given the mass and the redshift of a halo in the sample,
we use the algorithm hy Eke et/al. (2001) to compute the nom-
inal concentratiory(M, 2). Again, we distinguish two cases in

its variance is

and the skewness is

1 exp(3o-§) -3 exp(o-g) +2 the strong-lensing analysis, assigning either the nontoa}
M3 = — 5 3 . (9) centrationcy to the halo or a value drawn randomly from the
M1 [exp(a?) - 1] log-normal distribution[{6) with a standard deviatiop = 0.2
aboutcg.

Settingoe = 0.2, we finduz ~ 70/c3 > 0, showing that the _
distribution [B) is substantially skewed towards highThus e thus carry out four strong-lensing analyses for all halos
the probability of finding concentrationss ¢ is considerably in our N = 500 merger trees, ignoring or including thigeets
larger than forc < ¢o. This is also seen when computing th@f merger events and the scatter of the concentration atsout i
ratio of the absolute deviations— co| for ¢ > ¢o andc < ¢, hominal value set by the-M relation.

which is Note that this Monte-Carlo generation of merger trees
N ) should be considered as a random experiment, representativ
(IC—Co)+ _ erf (O—C/ 2) + [1 ~ exp(—a-c/Z)] (10) of the evolution history of the entire cluster populatiamlihe

with this view, we draw a new value of the concentration at

each new redshift step for each dark-matter halo.

~ 1.28, indicating that the absolute deviation for- co is On  ¢ross sectionry, that is the area of the domain on the source

average- 30% larger than foc < co. We shall return later to gphere in which a source has to lie in order to produce at least

this issue to explain some of our lensing statistics results  gpe gravitational arc with a length-to-width ratiod. We cal-

culate the cross sections using the semi-analytic algoritb-

3. Cluster population scribed in I_:edeli.et al_. (2006). _It gllows to r_api_dly.compute
_ _ strong-lensing#iciencies for realistic source distributions, and

We model the galaxy-cluster population using one @jelds results that are in good agreement with those of gostl

the merger-tree sets produced for the earlier study RMly-numerical ray-tracing simulations. We refer thedeato

Fedeli & Bartelmann| (2007a). Extended Press-Schechter the quoted paper for details.

ory was used to reproduce the formation history\of= 500 Having computed all cross sections for each of the four

dark-matter halos in four fierent dark-energy cosmologiesyernative assumptions on the internal structure and ensrg

Here, we only use the merger tree constructed for the CONCO¢nerienced by the halos, we quantify the global lensifig e

danceACDM model, whose parameters were seigo = 0.3, jency of the cluster population using the optical depthuser
Qa0 =0.7,h=0.65 andog = 0.84. At redshift zero, the halosredshift

are drawruniformly from the mass interval betweent@nd

2.5x 10®*Myh! to achieve a good coverage of the mass range B N1 M

relevant for strong lensing. For details on the Monte-Carlg ) _ dra(@ _ Z cd(Mi,zz) (M d N(M’Z)dM 1)
generation of merger trees and their applications, we refe$ dz 4”D§i M; dMdz

(Ic= o~ erf(oe/ V2) - [1 - exp(-c2/2)]

i=1
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rithms outlined in Sect. 2. At the same mass and redshifiydrig
— concentrations should push the critical curves of a lenisalg
i e =00 1 outwards, thus increasing its strong-lensing cross sectio
Results are shown in Figl 1, where we plot the cross section
-3 ] for gravitational arcs with length-to-width ratigsd as a func-
= - tion of d, using the three algorithms for tteeM relation. We
L i also show the dierence between axially-symmetric and ellip-
-4 - tical lenses.
Evidently, the impact of dferent concentrations is much
L O L e L B B reduced for elliptical compared to circular lenses. Fonegiz,
if we focus ond = 10, we note that the cross sectionSeliby a
factor of~ 4 for elliptical lenses. For axially-symmetric lenses,
this factor grows up te: 20. This is owed to the fact that halo
ellipticity largely increases the strong-lensing crosstisa
(Meneghetti et al. 2003h; Oguri etlal. 2003; Meneghetti 2t al
2007), causing the lensingfeiency to be less sensitive to the
Eke et al. internal structure of the lens.
ol b L Next, we see that the original NFW prescription for the
6 8 10 12 14 M relation yields the largest cross sections for all valuegd. of
As explained in Sect. 2, this is because the NFW prescription
d performs well at redshift zero, but overpredicts concédiung
Fig. 1. The cross section for arcs with length-to-width ratidl ~ at higher redshift. Az = 0.3, where we placed the lens, the
is shown as a function al. The mass of the lensing halo isconcentration is thus substantially overestimated, tiespin a
2 x 10%Myh1, the lens redshift izy = 0.3 and the source Very large cross section.
redshift isz; = 1. Results for three élierent prescriptions fa- Concentrations computed using Bullock et al. (2001) and
M relation are presented as labeled in the plot. The two parieke et al. [(2001) algorithms agree on galactic scales, lut di
show results for axially-symmetric (top) and ellipticab{tbom) fer on cluster scales. Although results obtained with theth b
lenses with an isopotential ellipticity @f= 0.3. fall below the NFW result, they produce quiteférent cross
sections for alld. In particular, the Eke et al. (2001) algorithm
] ) . yields results falling in between those obtained with thaANF
where Ds; is the angular diameter distance to the souregq Byliock et al.[(2001) prescriptions, respectively.
sg)here from thq-th dark matter halo n th_e sample,_whllt_e This illustrates that the choice of tleeM relation is very
d°N(M, 2)/dMdz is the number of cosmic objects contained 'ﬂnportant in analytic and semi-analytic models of galaxy-

f[he um: mass arounl;]ﬂ almd n tgehl_ann_redsElft arolunzj The cluster lensing since flerent concentrations can have a large
integral in [11) over the lens redshift gives the total agerap- oot on the strong-lensing properties. The factors exceedin

tigal depth, whic-h s prqportional to the tot.al number Olcs"’“Cone order of magnitude betweerffdrent prescriptions shown
with length-to-width ratio larger thard predicted to be pro- j, Fig.[d for axially symmetric lenses is particularly strig in
duced on the full sky. this regard

The optical depth per unit redshift is simply a sum of the We compared strong-lensing cross sections for several

cross sections of each individual halo, weighted by the abL.Jcpark-matter halos extracted from a high-resolution nucagri

dance of such halps at the corrlespondlng rEdSh'Tt' Welght'nlmulation with those of analytic lens models with NFW den-
by the mass function causes this sum to be dominated by fhe

halos with the lowest masses that are still capable of priaduc ty profile with the same mass and redshift, an isopotential
o . P P ellipticity of 0.3 and with each of the threeftrent algorithms
a non-vanishing arc cross section. Introducing the scatter

the mass-concentration relation can lift low-mass halas/ab for the c-M relation. We generally find the best agreement

. of the strong-lensingf&ciencies for concentrations computed
or push them below the strong-lensing threshold. Howeler, t 9 9 P

. R . .’ with the algorithm by Eke et al. (2001). This further support
skewness of the concentration distribution makes it méehii pIausitg)]iIity of th?s algorithm for tf?«-:—M relation. Frgfn
that low-mass halos are lifted above the threshold thanghe Low on. we assign fiducial concentrations by means of the
verse. Thus, it is plausible that the log-normal conceiutnat Eke ete{\ (2001) algorithm for the M-relation
distribution may have a potentially significanffect on the o '
strong-lensing optical depth.

®
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4.2. Scatter in the concentration

4. Results We now proceed as anticipated in Sect. 3, performing four dif
ferent strong-lensing analyses for our dark-matter hapufo
tion.

Before we continue, it is interesting to assess how the gtron  We show in Fig[R the optical depth per unit redshift as a
lensing cross sectionsftir for the diterentc-M relation algo- function of lens redshift as defined in EG.{11), for arcs with

4.1. Different concentration prescriptions
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Fig. 2. Left panel. Optical depth per unit redshift for arcs with length-toditi ratiod > 7.5 as a function of the lens redshift.
The thin black and green lines show the results obtainedrigg@nd accounting for cluster mergers, respectivelyh lusing
the nominak-M relation. The heavy red and blue curves include the scattidreic-M relation.Right panel. Similar to the left
panel, but for arc length-to-width ratias> 10, and using a élierent random-number seed.

length-to-width ratiosl > 7.5 andd > 10 respectively. Results total optical depth, i.e. the integral under the curvesin[Higs2, i
are shown both including and ignoring théeet of cluster limited to~ 40—50%, both including or ignoring halo mergers.
mergers, and both assuming the ided¥l relation and intro- To study this in more detail, we concentrate @re 10
ducing a concentration scatter consistent with the logradr and the more realistic case when mergers are taken into ac-
distribution of Eq.[(6). count. We further select a halo subsample with redshifts be-

For the two cased > 7.5 andd > 10, we used two dierent tweenz; = 0.28 andz = 0.32, centred oz = 0.3. Since our
seeds for drawing random concentrations from the disiohut original cluster sample was randomly drawn from a uniform
in order to gain insight into thefieect of limited statistics. mass distribution at = 0 and then evolved backwards in time

We first note the general trend that the introduction of tH@ construct merger trees, each dark-matter halo of rivass
scatter in thec-M relation systematically increases the optiat redshiftzneeds to be statistically weighted by the abundance
cal depth, and this is true irrespective of whether halo ®rrg Of such halos according to the mass function for the cosmo-
are taken into account or ignored. This is a consequenceof pgical model at hand. We note that appropriate weights are
skewness of the concentration distribution; cf. Sect. ac&i included in the optical-depth calculations, see Egl (11).
concentrations much larger than the fiducial value are more Figures.8 and]4 show the distributions of concentrations
probable than much lower concentrations, it is more likely fand strong-lensing cross sections in the halo subsample. In
the concentration scatter to increase the strong-lensiogsc both figures, we contrast results obtained ignoring the eonc
section rather than the reverse. In other words, halo concénation scatter (solid black curves) and taking it into acto
trations become larger on average after introducing thiéesca (red dashed curves). Note that all distributions shown are u
thus producing a larger optical depth per unit redshift. normalised.

In closer detail, we note several local maxima of thiedli Without scatter, the concentration distribution is very
ential optical depths per unit redshift obtained afterddtrc- peaked, but it flattens and widens when the scatter is taken in
ing a scatter in the-M relation. These are caused by individaccount, as one would expect. Note also that both concemtrat
ual dark-matter halos with relatively low mass that, duent® t distributions drop very sharply at high concentrationssTa-
random assignment of concentrations, reach a particliagly flects the mass cufibin our halo sample, since high concentra-
concentration and thus a large cross section. Becauseiof thiens correspond to low masses.
low mass, they have a large relative abundance, thus they dom The cross-section distributions behave similarly. Howeve
inate the sum in the optical depth per unit redshift, Eql (1% this case the sudden cuftat low cross sections is due to
and cause the peaks. the strong-lensing threshold. For producing large arcslais

The position, width and amplitude of these peaks changaustics need to beficiently larger than the available sources.
of course if the seed for the random-number generationBglow this threshold, the strong-lensing cross sectioasai
changed. However, even though tbeal increase in the dlier- drop to zero. See also Fedeli et al. (2006) for more discossio
ential optical depth can be quite significant, the increagbe of this issue and its implementation.
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Fig. 3. Unnormalised distribution of the concentrations for alrig. 4. Unnormalised distribution of the cross sections for grav-
the halos in our sample with redshifts between= 0.28 and itational arcs with length- to-width ratias> 10 for all halos in

2, = 0.32. The black solid histogram shows the result obtainedir subsample with redshifts betwean= 0.28 andz, = 0.32.
adopting the fiduciat-M relation of Eke et al! (2001). The log-As in Fig.[3, the black solid and red dashed histograms show
normal concentration scatter is taken into account for ¢k r results ignoring the concentration scatter and accoufinig
dashed histogram. The vertical dashes indicate the median aespectively. Dashed vertical lines mark the median cress s
centration in both cases. tions for both cases.

Finally, the systematic increase of thdfdrential optical are shown both for all halos irrespective of their mass, arig o
depth shown if Figi2 can be further understood as the confior halos with masses 7.5 x 10%“Myh1.
bution of two factors. First, we note that the median coneent ~ Without mass selection, the curves are flat within the range
tion (and hence also the median strong-lensing cross sctiof concentrations shown. Remarkably, this indicates that |
is larger when the concentrations scatter about the meddn mass halos with their typically high concentrations hawilsir
relation. Second, the significant peaks in Elg. 4 (note tige lomean or median cross sections as high-mass halos and tieerefo
arithmic scale!) appearing in the cross-section distiitsutit contribute most of the strong-lensing optical depth in taih
relatively low cross sections are produced by rather lovesnasubsample because of their high abundance.
halos that dominate the sum in the optical depth per unit red- This result may seem at odds with the expectation that the
shift because of their large statistical weight. lensing dficiency should increase with increasing halo concen-
tration, as illustrated in Fi§.]1 when we discussed fffieat of
different algorithms implementing tleeM relation. However,
note that Figl 1l shows results for a single halo mass. If we se-
Another interesting issue that we are able to explore with olect only the most massive halos, we find an increase of the
halo sample regards the strong-lensing cross sectiong&dgemean and median cross sections with the concentratiorhthres
for concentrated halos, and conversely the concentraéigns old. Thus, once the mass dependencefiscéively suppressed
pected in fficient strong-lensing halos. in this way, the concentration dependence of the strongidgn
This will allow us to better understand the relatifieet of efficiency can emerge. In other words, although the average
mass and concentration on the amplitude of the strong lgns@trong-lensing cross sections do indeed increase withdlee h
cross section, and to quantify the bias expected to be fowrwhcentration, thisfect is almost precisely cancelled if halos
in dark-halo concentration measurements of stronglyihgns of all masses in a broad mass range are considered.
clusters. We can then compare such results to those obtainedAccording to Fig[h, the median and mean cross sections of
bylHennawi et al.|(2007), who carried out among other thingsassive halos can increase by a factor&.5 as the concen-
a similar analysis on a large set of numerically simulata#t-da tration increases from 2 to 5.
matter halos. Figure[6 shows the medn) and mediarm concentration of
Figure[® shows the mediahyo and the mearoyo) cross halos with strong-lensing cross sections above the thigsimo
sections of the halo subsample, restricted to those halbsawi the abscissa. Again, we compare the complete halo subsample
concentration exceeding the threshold on the abscissaltResvith massive halos above a mass limit d§ % 10**Myh~t. We

4.3. Lensing concentration bias
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Fig.5. The black and blue solid curves show the median, akdg. 6. The black and blue solid curves show the median, the
the red and green dashed curves the mean cross sectiondor@a and green dashed curves the mean concentration. Only ha-
with length-to-width ratiod > 10. Only halos with concen- los with strong-lensing cross sections above the thresbiold
trations above the threshold on the abscissa are included. The abscissa are taken into account. The top pair of curves
bottom pair of lines shows the result without any mass selestiows the result obtained without mass selection, whilg onl
tion, while only halos more massive thas % 10'*“Myh! are halos more massive tharbk 10*Myh! contribute to the bot-
included in the top pair. tom pair of curves.

and hydrostatic equilibrium. The gas density will also &ase,

note that (i) if we impose no mass threshold, the concentratithus raising the X-ray luminosity.
for strongly lensing halos is always smaller on average com- To address this question, we first require a relation between
pared to the entire population, and (i) if we allow only mashe X-ray observables and mass, the redshift and the concen-
sive halos, the mean and median concentrations increalse wition of the host dark-matter halo. We achieve this folfayv
the lensing cross section. Eke et al. [(1998) who derived an extension to the usual clus-

Specifically, the mean and median concentrations of magr scaling relations (White & Rees 1978; White 1982; Kaiser
sive halos shown in Fifl] 6 increase #y12% across the range1986). First of all, the circular velocity profile for a darkatter
of cross-section thresholds shown. If we further raise thssn halo with an NFW density profile is (Navarro etlal. 1997)
threshold, the increase risest®5%.

Without any mass selection, the highest cross sections &r_)r _ 200 F(Cr/r200) (12)
produced by the most massive objects, that are on average le&oo r F©

concentrated than the low-mass halos. If we restrict thiyaisa
to massive halos, we remove part of the mass dependence o
strong-lensingiciency and find that the concentrations foun(
in strongly lensing clusters are slightly biased high. Haing
the mass interval, theffect of the concentration is less diluted c
by the mass dependence, thus increasing the bias. This re\ézlul‘U 022@00@ :

agrees with the corresponding resulf_of Hennawi et al. (2007
and will be discussed later on. This characteristic velocity of the system measures théhdep

its potential well. If only gravity or other scale-free pesses
_ _ like pressure gradients or hydrodynamical shocks dominate
4.4. X-ray concentration bias within the cluster, any other measure of the potential depth

. . . such as the temperature of the intra-cluster gas, must be pro
It is now interesting to ask whether comparable Concemat'portional tov2, that is

biases are expected in X-ray selected cluster samples. ekt fix
mass, a more concentrated halo creates a deeper poteritial we M c

; ab T (Moo, 2, C) o0 —=2 — (14)
and thus causes the intracluster gas to become hotter maher' {200, Z r200 F(C)

anre Voo IS the circular velocity atrpgo, that is vgoo =
Mao0/r200- This distribution peaks &t~ 2r,qo/c, correspond-
gto

(13)
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Now, Eq. [2) implies

| 3Maoo 3
o= o] @
Inserting this into Eq[{14), we can write 5
_ 23 _C
T(Mz00, Z €) = 8[M200n(2)] FO’ (16) L ]

whereg collects now all the constant factors. Note that this re- B
lation retains the mass and redshift dependence of the tampe o 4.5

ture of the common scaling relation, but acquires the canaen /o\ L ]
tion dependence from the dark-matter density profile. Itigar ~ = -
ular, the functiorc/F(c) is a monotonically increasing function - .
of the concentration i€ = 2, which is almost always the case in r .
our halo sample (cf. the concentration distribution in Blg.It 4 - ]
is shown that adiabatic simulations of gas in galaxy clsstar

low relatively well this type of scaling relation (Eke el|4098;

Bryan & Norman 1998). With the introduction of more com-

plex physical processes, like non gravitational heatindy ran 35 A S T NN S S SR NN S S N

diative cooling, the scaling relation is instead not clgsepro- 0 0.5 1 1.5
duced|(Babul et al. 2002; Kay et|al. 2002). However, in sfite 0 Ly min/LX ;

simplicity, we prefer to stick to it, leaving more compliedt ’ ’

models for further study. Fig. 8. Black and blue solid curves show the median, red and

green dashed curves the mean concentration for the subsampl
of dark-matter halos betweem = 0.28 andz, = 0.32. Only
w halos with relative X-ray luminosities exceeding the thiad
on the abscissa are taken into account. The top pair of curves
was obtained without mass selection, while only massivesal
with mass larger than3x 10**Myh~! contribute to the bottom
pair.

where A(T) is the cooling function, depending on the rele-

lo vant radiative processes, apg(r) is the gas-density profile.
/o\" We assume that the gas density follows the dark matter gensit

pg = fgo, with a constant factor constaf. This is of course

not strictly true, especially in the inner region where tlaekd
matter density profile is cuspy while the gas distributiomfe

a finite core due to the gas pressure. However, the final result
is insensitive to this simplifying assumption. Furthenasfg

T
\\“\\7\\‘\\\\‘\\\\‘\\\\‘\\\

B that the intracluster gas is isothermal, the luminosity ban
3 - - written as
B L L L L ‘ L L L L ‘ L L L L 1 f 2 CS
Lx(M = 200A(T) [——| ™ —. 18
0 0.5 1 1.5 x(M20o, Z C) ( )(3ﬂmp) ZOQOC(Z)F(C)Z (18)

Tmin/Tr
] ) ] If the main emission mechanism of the intra-cluster gas is
Fig. 7. Black and blue solid curves show the median, red angormal bremsstrahlung, thex(T) « TY2. Hence, recalling

green dashed curves the mean concentration for the suhsargal_ [I8) and collecting all constant factors intave get
of dark-matter halos between = 0.28 andz, = 0.32. Only

halos with relative temperatures exceeding the threshotti® M aA/31a7)3
abscissa are included. The top pair of curves shows thetre%ﬂ‘l(MZOO’ z.¢) = YMyeh(2) F(c)52"

without mass selection, while only halos with mass larganth o
7.5x 10**Myh* contribute to the bottom pair. The common dependence of the luminosity on the mass and

the redshift of the host dark matter halo is retained agaid, a
an additional dependence on the concentration appears. Not
“that the concentration dependence is steeper here thahmefor t
temperature. Note that the dependence of the bolometrayX-r
luminosity on the concentration shown in EQ.](19elis by

a factor of 1- (1 + ¢)~3 from the formula given in_Eke et al.

o7/?

(19)

Quantifying the bolometric X-ray luminosity of the intra

cluster gas, we start from
oo A(T
Lx(M200, 2 C) = 47Tf r2pg(r)? (1)
0

(ump)?

dr, (17)
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(1998). This is because the integral in Eql(17) extenddfi@-in 12 B B
ity, while it was limited to the virial radius in_Eke etlal. (29).

This is unimportant because the missing factor is very doses
unity for all reasonable values of the concentration. Tos
In the following, we refer the temperature and the X-ray
luminosity of the gas inside each dark-matter halo of our sub 0.6
sample to the temperatulie according to[(16) and the lumi- .
nosity Lx, according to[(I9) of a reference halo with mass o4 L Lo 06 -

Maoar = 10*°Mgh™! placed at redshift, = 0. It has a nomi- Oi al
nal concentratiom; = 3.74 according to the Eke etlal. (2001) e
algorithm. Thus, for each halo, we only consider the redatiig. 9. Therms of the concentration distribution accounting for

((e2)= (e)?)/2

P bl

—4 -3 1.5
Log(0 o[ Mpe? %))

temperature halos in the subsample with strong-lensing cross sectiefts (
) panel) or relative X-ray luminosities (right panel) excieerthe
/3 . . . .
T(M200,20) _ [Mzooh(z)] c F(c) (20) thresholds on the abscissa. The solid black lines are aitain
T Mzoqrh Fo o without mass selection, while only massive halos with mass

. L larger than Bx10"Mgh! contribute to the red dashed curves.
and the relative luminosity

Lx(M Maoo \*[h@]7% 2 F(c)2 . . .
x( LZOO, 20) _ ( 200) [%} %% (21) due to the higher concentration is only5%, while the X-ray
xr © G luminosity increases by 45%. On the other hand, the gas tem-

Figure[7 shows the median and mean concentrations for dafRrature drops by a factor ef 2.5 because of the lower halo
matter halos with a relative gas temperature exceeding fRass, while the bolometric X-ray luminosity drops by a facto
threshold on the abscissa. We show the results both wiff-~ 6.3. On the whole, the ratio between the changes in tem-
out any mass selection and selecting halos more massive tgffture due to the halo mass and due to the concentration is
7.5 x 10“Myh~1. Evidently, the mean and median halo cor® 12, while the ratio between the changes in X-ray luminos-
centrations decrease in both cases as the relative teagerdfy due to the mass and due to the concentration 1s9. This
threshold increases. This illustrates that particuladygas re- Shows that theféect of the concentration on the X-ray lumi-
sides in the most massive halos, quite irrespective of the cHOsity is almost comparable to thifect of the mass, but much
centration. Also, if we consider only the most massive disjecl€ss important for the temperature.
a plateau appears at low temperatures because low-temmgerat In other words, the mass dependence of the gas temperature
clusters are then removed from the sample. Thus, the gas téhfverwhelmingly stronger than its concentration depecde
perature depends so weakly on the halo concentration cdincelling any kind of concentration bias that could aprear
pared to its dependence on mass that even a narrow mass séggeperature-selected halos. Very hot clusters are agtigsis
tion does not reveal the increasing concentration-tentpera concentrated (more massive) than average. On the other hand
relation. the stronger dependence of the luminosity on the concéonirat
FigurdB shows the mean and median concentrations in HHOWS to invert this trend if Only massive clusters are edns
los selected for their X-ray luminosity. If all halos in thebs €red. Thus, very X-ray luminous clusters have higher medn an
sample are included, the curves are almost flat, showing tRgdian concentrations than clusters with lower luminadsity
the concentrations are typically independent of the X-tay |comparable mass.
minosity. If only massive halos are included, the mean and me To see which concentrations we can expect in suitably se-
dian concentrations increase such that the most luminoayX-lected cluster samples, we plot in Fig). 9 times ((c?) - (c)?)"/?
clusters can be up te 25% more concentrated than the entiref the concentration distribution as a function of the cross
cluster population. section and X-ray luminosity thresholds, respectivelythbo
Hence, unlike for the temperature, we here find increasiM@th and without further mass selection. According to Figs.
mean and median concentrations as a function of the lumin@8d[8, the median and the mean of the distribution are quite
ity threshold. In summary, a concentration bias in tempeeat Similar, hence the distribution itself is quite symmetend the
selected clusters is not expected, but the most massive &igis a good estimator of its width.
X-ray luminous clusters are typically more concentratexhth ~ Without mass selection, thems always remains around
the population of X-ray clusters indicating a concentratias unity. If we introduce mass selection, it is close to unity fo
similar to that found in strongly-lensing clusters. the entire subsample, but drops towardsWhen only dicient
The diferent results for clusters selected by temperaturesifong lenses are included, and t6 @hen only very X-ray lu-
X-ray luminosity can be understood considering the follogvi minous clusters are included. This means that the condimtra
numbers. As remarked before, the nominal concentratidmeof distribution tends to narrow in the latter cases.
reference cluster i = 3.74. Had we adopted a reference mass
of 2.5 x 10"Myh1, thg nominal concentratiqn was=473. 4 5 aqditional effects
These two concentrations arerlcompatible with the same un-
derlying mass, given the varianceaf = 0.2 in the log-normal Finally, we explore the consequence for our results of two ad
concentration distribution. The increase in the gas teatpez ditional &fects not included so far. The first is the correlation

M2oar
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of the concentration with the triaxiality of dark-matteribs
(Jing & Sutol 2002). The second is the ellipticity distrilguri
of projected halos due to the random orientation of the three
dimensional halos with respect to the line-of-sight (Ogtiél. B
2003; Oguri et al. 2005; Corless & King 2006). The second ef- -
fect dfects only the strong lensing properties of galaxy clus- L
ters, for whose lensing potential we assumed an elliptiafty 02
e = 0.3 throughout this work. The scaling laws we used for o
the X-ray characteristics are insensitive to the ellipgiof the
dark-matter halo. Besides, the gas distribution approtéipa
follows equipotential surfaces and thus tends to be morersph &
ical than the dark matter distribution (Gavazzi 2005). 0, B
We assess the impact of these twviteets in the following 0.1
experiment. First, we considered a dark-matter halo witkana L
2 x 10®*Myh! and redshiftz = 0.3. We computed its cross i
section for arcs with length-to-width ratid > 10, assuming | v
sources at; = 1, a lensing-potential ellipticite = 0.3 and /J a
concentration derived from the algorithmlof Eke etial. (2001 i | M”'/ | |
Then, we produced 1,000 triaxial modifications of this origi 0 == ! S
nal halo by drawing axis ratios from the distributions given -5 —4 -3 —2
Jing & Suto (2002). The axis ratios allow changing the concen Log(a,, [Mpc? h72])
tration of each modified halo according to the prescriptibn
Jing & Suto (2002), predicting higher concentrations foreno

spherical halos. Finally, each modified halo is projectedgl d > 10 computed for a dark-matter halo of massIZ5M,h-1

a randomly selected line-of-sight and the ellipticity oé fhro- at redshiftz = 0.3 with sources at redshitt = 1 and lensing-

Jected denslty IS computed following O_gurl et 4l .(2003.)' .T80tential ellipticitye = 0.3. The red dot-dashed line is the dis-
each halo is then assigned a new lensing-potential elliptic

ing that it is half of the ellipticity of th ‘ectedrd tribution of the cross sections caused by the variation & ha
Z\i.:,;ummg atitis hait ot the efipticity ot the projecte concentrations with triaxiality. The green dashed lindudes

As outlined inlJing & Sulo(2002), the isodensity surfac the ellipticity distribution of projected triaxial halogand the

~]ack solid line contains bothfects.
tend to be more elongated near the core of the halo than menlsls

outer regions. Since the innermost part of a galaxy cluster i _ _ . .
most relevant for strong-lensing events, we lowered theomin Systematically shift the cross sections towards higheowet

to-major and intermediate-to-major axis ratios by 0.15pto  values, hence leaving unchanged the conclusions of thik.wor
the projection. This is consistent with Fig. 3 lof Jing & Sutdt should also be noted that these results are expecteddafhol

(2002). more detailed gas physics (such as cooling and star formatio
Cross sections were computed for each modified halo, igsincluded because it tends tfiect the inner slope rather than
ing the new values of the concentration or of the ellipticty, the ellipticity of the cluster mass distribution (Puchwetral.
both. The three resulting cross-section distributionssamvn 2005).
in Fig.[10. The variation of the concentration with triaiiain- We have applied the same test to halos dfedent mass
troduces additional scatter in the cross section (red debed and found very similar results. Thefect of the variation of
line), but significantly less than the concentration scatiigo- halo concentrations with triaxiality on the temperaturd an
duced before. The smallfiierence between the black solid anéninosity of the X-ray gas is negligibly small.
the green dashed curves in Figl 10 corroborates this caanlus
The distribution of cross sections obtained after randog1
projections of triaxial halos is centered on the cross sacti
for the original halo with fixed ellipticitye = 0.3, indicating We have investigated thefect of the scatter in the relation
that this lensing-potential ellipticity is typical. Thioefirms between concentration and mass in dark-matter halos or grav
the result of Meneghetti etlal. (2003b), who found this valugtional arc statistics and X-ray properties of galaxystdus.
by fitting the deflection angle maps of simulated galaxy clus- We have addressed th&ext on strong-lensing cross sec-
ters (see also Meneghetti etlal. 2005). The good agreensent éibns of diferent implementations of the-M relation pro-
shows that the reduced concentration of highly triaxiabedés posed in the literature (Navarro etlal. 1997; Bullock et 802,
compensated by the higher ellipticity. Eke et al. 2001). We found substantiatfdiences, with the
The scatter caused by the ellipticity distribution exceeddgorithms by Navarro et al. (1997) and Bullock et al. (2001)
that caused by the variation of the concentration with triaxpredicting the highest and the lowest cross sections, cespe
ality, but the total scatter in the cross sections due to tne@r- tively. We adopt the algorithm by Eke et al. (2001) because
iality shown in Fig[ID is at most comparable to that caused liyneeds only one instead of two free parameters, has been
the intrinsic concentration distribution. Moreover, itedonot shown to be applicable to cosmological models with dynam-

O.S | T T T T T T T T T T T T

10)do

&ig. 10. Cross section distributions. The vertical blue line
shows the cross section for arcs with length-to-width ratio

Summary and discussion
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ical dark energyl(Dolag et gl. 2004), and was found to yielpproach of modelling the halo population and its lensing ef
strong-lensing results in good agreement with numericalisi ficiency semi-analytically compared to fully numericalliyhe
lations. 12% increase found here is certainly consistent with th@¥1

This result shows that caution must be applied when maderease because a broader mass selection was applied here.
elling galaxy cluster lenses with NFW density profiles, sindCaution must thus be applied when extrapolating resultben t
differentimplementations of theM relation may yield largely inner structure of strongly lensing clusters to the entiuster
different values for the lensingfiency, in particular if axial population.
symmetry is assumed. Finally, we performed a similar analysis using the tempera-

We then used the Eke etal. (2001) algorithm to computigre and the bolometric luminosity of the X-ray emittingrant
fiducial concentrations for a sample 8f = 500 dark-matter cluster medium instead of the strong-lensing cross sedfi@n
halos with masses betweent@nd 25 x 10®M,h™! at red- assigned a temperature and an X-ray luminosity to each dark-
shift zero. Each halo is evolved backwards in time in digcretatter halo in our sample by extending scaling relations firs
redshift steps up to a source redshift randomly drawn foh eagterived by Eke et al! (1998). They maintain the usual scaling
halo from a parameterisation of the observed redshiftilistr T o [M200h(2)]%2 andLx o« Mj5h(2)”/3, but include a depen-
tion of faint blue galaxies. When the scatter in the con@gittn dence on the concentration of the host dark matter halo.
was taken into account, it was drawn from a log-normal distri  According to this analysis, there is no concentration bias
bution around the fiducial value, with a standard deviatibn & temperature-selected clusters, while a bias similatrtmg
oc = 0.2. The dfect of cluster mergers on the strong-lensinignsing occurs for objects selected by their X-ray lumityo4i
cross sections was also included (Torri et al. 2004; Fedali e clusters of similar mass are selected. In particular, themaad
2006), although the relativeffect of the concentration scattermedian concentrations of dark halos with increasing gas tem
is insensitive to mergers. perature decrease, reflecting that the temperature is mah m

The skewness of the log-normal distribution renders cosensitive to the halo mass than to its concentration. Thigltre
centrations much above the fiducial value more likely thaemains true when the halos are selected by mass. Likewise,
much below it, thus increasing on average the strong-lgnsithark halos with increasing X-ray luminosity have virtualig-
cross sections. Thus, the total optical depth, and henodtss changed concentrations if no mass selection is appliechlyf o
total number of arcs expected on the sky, is increased by uprassive objects are selected, the dependence of the bolomet
50% by the concentration scatter. Moreover, the opticattdepuminosity on the concentration appears.
per unit redshift displays isolated significant peaks which It is then an interesting question whether the two concen-
due to individual dark-matter halos with relatively low reastration biases due to strong lensing and X-ray luminosity-co
that happen to reach a particularly large concentratiochSispire to produce a strongeffect. We computed the mean and
halos can thus be turned intdfieient lenses and contributemedian concentrations of clusters selected for strongrigns
strongly to the optical depth because of their high abunelancamong those already selected for their X-ray luminosity and

We then used our merger trees to better understand the reldh mass larger than.3 x 10'“Myh~1. The further increase
tionship between dark-halo concentrations and theirtensf- in concentration is very small compared to very X-ray lumi-
ficiency. We found that selecting halos by concentratiotdgie nous objects only. This is because selecting massive cduste
average cross sections similar to those of the completelsamfor their high bolometric X-ray luminosity, we already sele
This shows that the higher concentrations of lower-massshabbjects with high concentration that are typically alsortizst
compensates for their lower masses in terms of their strormafficient lenses.
lensing dficiency until their caustic curves become too small We also checked thdfect of halo triaxiality on our results,
compared to the sources to produce large arcs. Massive, haldsich adds scatter to the halo concentrations and projéetied
however, reveal the concentration-dependence of the gstroallipticities, and, even though the latter is relativelgrsficant,
lensing cross sections. it leaves the conclusions of our paper unchanged.

Conversely, the median and mean halo concentrations do These results confirm the general expectation that the gas
not increase if the mostfiécient lensing halos are selectedtemperature is more sensitive to the depth of the overadirpot
However, selecting massive strong lenses reveals the depi well and thus to the halo mass than to the internal halo
dence of the cross sections on the concentration, yieldieg mstructure. This does not hold true for the luminosity, which
dian and mean concentrations increasing with the lendiitg escales with the squared gas density and is thus substgntiall
ciency. The most massive, strong lenses turn out to be 10-26%re sensitive to structural properties of the halo othan the
more concentrated than average lensing clusters. mass. Similarly, the lensingfeciency is very sensitive to the

This confirms a bias found earlier in numerically simulatedetails of the internal structure of the lens, as demorestrit
clusters. Hennawi et al. (2007) found that strong clustesds a variety of studies (Bartelmann et al. 1995; Meneghettilet a
have three dimensional concentratien$8% higher than typ- [2003&,b; Oguri et al. 2003; Meneghetti et al. 2007).
ical clusters with similar mass. We found that the median con
qeptration isv 12% higher in halos with very _high lensing ef'AcknowIedgements
ficiency compared to average halos with similar mass, and can
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