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ABSTRACT

We study the bias and scatter in mass measurements of gdlestgrs resulting from fitting spherically-
symmetric Navarro, Frenk & White (NFW) model to the reducadgential shear profile measured in weak
lensing observations. The reduced shear profiles are geddoa~ 10* cluster-sized halos formed ikCDM
cosmology using a cosmologidgtbody simulation of a h™Gpc box. In agreement with previous studies, we
find that the scatter in the weak lensing masses derived gsictyfitting method has irreducible contributions
from the triaxial shapes of cluster-sized halos and untaiee large-scale matter projections along the line-of-
sight. Additionally, we find that correlated large-scaleisture within several virial radii of clusters contribate
a smaller, but nevertheless significant, amount to theescdthe intrinsic scatter due to these physical sources
is ~ 25—30% depending on the cluster mass and redshift. For cugemind-based observations, however,
the total scatter should be dominated by shape noise frorfirtite number of background galaxies used to
measure the shear. Importantly, we find that weak lensing mesisurements can have a snvalb—10%,
but non-negligible amount of bias. Given that weak lensirepgurements of cluster masses are a powerful
way to calibrate cluster mass-observable relations farigi@n cosmological constraints in the near future, we
strongly emphasize that a robust calibration of the meanuainaf bias requires detailed simulations which
include more observational effects than we consider hereh 8§ calibration exercise needs to be carried out for
each specific weak lensing mass estimation method, as thisdetthe method determine in part the expected
scatter and bias.

Subject headingglalaxies: clusters: general — gravitational lensing

1. INTRODUCTION 12008;|Zhang et al. 2008; Vikhlinin etlal. 2009; Zhang et al.

The abundance of galaxy clusters as a function mass an , and references therein). Indeed, WL measurements
of masses have now been made for dozens of clusters (e.g.,

redshift can be used to investigate both the nature of dark

energy and, potentially, deviations of gravity from Getera MLM&@MMM%&%M&;'{ al.
Relativity. The power in this cosmological test arises from 2008, Okabe et al. 2010: Abate et al. 2009) and this number is
the sensitivity of the abundance of galaxy clusters to both €XPected to increase to hundreds of clusters in the neaefutu

the geometry of the universe and the growth of structure 12009). However, for this hope to be realized in

Holder et al. (e.gl, 2001); Haiman ef al. (elg.., 2001, seé Voi practlce we need to know both the scatter and potential bias

for a recent review). While in principle a compari- n the WL mass measurements. The scatter will determine the
' umber of WL mass measurements required to calibrate nor-

son between the predicted and observed abundance of gala
b 9 ><I#mhzatlon and slope of scaling relations to a given acgurac

clusters is straightforward, there are complications Wwhvdl ; A ; X - ; X
need to be at least partially addressed through simulations € Pias will determine the systematic uncertainty withahhi
uch a calibration can be made.

gp ﬁﬁjestg(r)?ﬁgﬁ]zglg?;orﬂﬁmge(ghge cBoembmeestle;:n! egsBsaaﬂnedmpalrJ]rrlltyS In this work we investigate the scatter and bias in
[1999: [White et all 2002 Carlstrom et al._2002; Cohn et aI WL estimates of cluster masses obtained from fitting the
mLRQZQ_e_t_dL_ZD_O'Z Cohn & WHite 2009: Vikhlinin et al Navarro-Frenk-White (NFW,_Navarro et al. 1997) profile to
2009) and bias and scatter in estimators of total clustes mas te shetﬁr plr;)ﬁlet arouhnd 'nd('jv'dt'?l glutsters Previous ;StUd
(Lima & Hu [2005; Shaw et al. 2010). The total it. ies in the literature have identified two primary system-

m W ). The total mass is cri atic effects in WL masses. First, the triaxial shapes of

ical because it is by far the most accurate theoretically pre Cold Dark Matter (CDM) halos (e gL, Warren L 1992:

dicted cluster property. % % '& Sutd ZQQIZI; Bailin & Steinmetz 2005; Kasun & Evriard
; AI

Although in principle the total mass-observable relations
can be calibrated self-consistently within a given clusgen- tal. 2006; Shaw et/al. 2006 Bett e al. 2007;

ple (e.g.[ Majumdar & Mohir 2003, 2004; Lima & Hu 2005), ' [ 2007,_2008) can bias a spherically-symmetric

th is al ignificant h that d odel fit ofthe reduced tangential shear profile and lead-to er
ere 5 a:so SIGcan ope ‘hal masses Measurec Usinors of~ +30-50%in the estimated mass (Clowe et al. 2004;

weak lensing (WL) observations can be used to accurately
calibrate such relations (e.d., Hoekstra 2007 Mahdaui et a_'Corless & Kingl 2007: Meneghetti etial. 2010b). The essen-
tial sense of this effect is that for halos whose major axes ar
N ¢ Phys i h Cersit aligned along the line-of-sight (LOS), the WL mass is overes
Department of Physics, 5720 S. Eliis Avenue, The Universlty  timated and for halos whose major axes are transverse to the

Chicago, Chicago, IL 60637 . .
2Kavli Institute for Cosmological Physics, 5640 South Elgenue, LOS, the WL mass is underestimated.

The University of Chicago, Chicago, IL 60637 Second, correlated and uncorrelated large-scale struc-
3 Department of Astronomy and Astrophysics, 5640 South Bilenue, ture (LSS) along the LOS can cause positive bias
The University of Chicago, Chicago, IL 60637 of ~ 30% and scatter of~ 20% in the recovered

4 Enrico Fermi Institute, 5640 South Ellis Avenue, Chicadof0637, WL masses (Mgtzler ethl. 20071; Hoekstra 2001, 2003:
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Hoekstra et &l. 2010b; de Putter & White 2005; Marian étal. ~ Although in practice different methods can be used
[2010; Noh & Cohn 2010). The exact amount of bias in the to estimate the total mass using the observed shear field
WL masses due to correlated LSS depends strongly on thelKing & Schneider 2001 Hoekstra_2008; _Dodelson 2004;
method used to analyze the WL data (compare Metzler et alMaturi et al. 2005; Corless & King 2008; Marian etlal. 2010;
[2001 with[Marian et &l. 2010 and our results below). Addi- [Oguri et al. 201l0), in this study we adopt a specific model
tionally, the estimated amount of scatter in the WL massesin which the density profiles of clusters are assumed to
due to correlated LSS depends somewhat on how much LS$e described by the NFW profile. The prediction for the
along the LOS is included from the simulatiohs (Metzler ét al reduced tangential shear in the thin-lens approximation
[2001). [Hoekstral (2001, 2003) ahd Hoekstra étlal. (2010b)based on this profile_(Bartelmann 1996; Wright & Brainerd
found that uncorrelated LSS along the LOS does not bias2000) is then used to fit the reduced tangential shear profiles
the WL masses but does add extra scattex db-30% de- of the halos from the simulations. This method is com-
pending on the cluster's mass. Additionally, uncorrel&is8 mon (e.g., Clowe & Schneider 2001; Hoekstra et al. 2002;
from random projections along the LOS introduces corrdlate [Clowe & Schneidér[ 2002] Bardeau et al. _2005; Jeelet al.
noise in the shear field of the clusters (Hoekstra 2001,120032005; [Clowe et &l 2006{ Dahle 2006; Kubo et al._2007;
IHoekstra et &l. 2010b; Dodelson 2004). IPaulin-Henriksson et al.._2007]__Pedersen & DaHle _R007;
Note that the projection of LSS and the effects of triaxjalit |Okabe et dl. 2010;_Abate etlal. 2009; Umetsu et al. 2009;
are closely associated. Neighboring halos of similar massKubo et al.. 2009; Hamana etlal. 2009; Holhjem et al. 2009;
are generally connected by a filament of matter with the[Israel et al[ 2010) and serves to illustrate our main points.
fraction of halos connected by filaments dropping as the Our results as to the scatter of the estimated WL masses
distance between halos is increased (Colberglét al.] 2005)with respect to the true mass are specific to this method.
The direction of the major axis of halos is correlated with th  Other methods require their own quantitative evaluation of
direction to its massive neighbor and the filament conngctin the WL mass errors using simulations along similar lines.
the halos (e.g.,. Splinter etlal. 1997; Onuora & Thamas However, our results do have some applicability to aperture
[2000; [Faltenbacher etlal.. 2002} _Hopkins et al. _2005; densitometry (also known @sstatistics, Fahlman etlal. 1994;
[Bailin & Steinmetz  [2005; [ Kasun & Evrerd [ 2005; [Kaiser[1995) WL mass measurements. It is clear from the
Basilakos et &l. [ 2006; [ Aragdén-Calvo et al. 2007; study of_Meneghetti et al. (2010b) that WL masses estimated
ILee & Evrard[20077; Hahn et l. 2007;_Zhang €tlal._2009). from aperture densitometry and spherically-symmetric fits
Furthermore, these alignments persist out to very largesca to the reduced tangential shear profile are quite correlated
with the correlation finally reaching zero only at 100 Thus we can expect qualitatively similar conclusions about
h™*Mpc (Ealtenbacher et hll_200Z; _Hopkins et al. _2005). the sources of scatter and bias in WL mass estimated from
Therefore, halos viewed along their major axes would also these two methods.
be more likely to exhibit a larger amount of filamentary LSS ~ Note also that we have made no attempt to identify an opti-
projecting onto the halo’s field (sée_Noh & Cbhn 2010 for mal method to estimate the mass from the shear field (e.g.,

a similar study which demonstrated this effect explicity f ~ [Dodelsohl 2004/ Maturi et al. 2005; Corless & King _2008;
many cluster observables including WL masses). IMarian et al. 2010), which could potentially decrease tlag-sc

In this work, we extend these previous studies by explic- ter or bias. In fact, optimal, compensated aperture masssfilt
ity and systematically considering the effects of halopgha  (Kaiser et all 1994; Schneider 1996) applied to shear fields
as well as correlated, and uncorrelated LSS on the WL massn the context of WL peak finding have been shown to be
estimates. We aim not only to give estimates of bias andable to largely eliminate the effects of uncorrelated LSS on
scatter in the WL masses as a function of true mass, definedhe mass reconstructions of individual peaks (Maturi et al.
within a spherical radius enclosing a given overdensity, bu 2005;|Marian et al. 2010)._Dodelson (2004) suggested us-
also to synthesize these previous results with our own intoing the correlations in the noise of the shear field due to ran-
a coherent picture of the sources of scatter and bias in wLdom LSS projections to help remove this kind of contami-
masses. To this end, we use the entire population of haloghation (seé€ Oguri et H. 2010 for a recent observationalstud
in large ACDM simulation to study the relationship between which employs a similar technique)._Corless & King (2008)
WL masses and true masses statistically. Additionally, we and Corless et al. (2009) used triaxial halo models to adcoun
systematically study this relationship under differentamts for the orientation of the clusters along the LOS when fitting
of structure projected along the LOS. Our treatment is dif- for WL masses using the entire two-dimensional shear field.
ferent than the previous works mentioned above because wd hey tested this procedure with analytic models for tribxia
simultaneously consider a large number of integrationtiefg  NFW halos and found that it can reduce the amount of bias
in the range of 3-406Mpc, employ a commonly used WL N t_he WL masses through the use of a prior on _the distri-
mass estimator to enable easy comparison to current obseution of triaxial halo shapes from N-body simulations. Our
vational studies, use a statistical samplel0?) of halos at ~ results for the scatter and bias in the presence of obseneti
multiple redshifts (regardless of their dynamical staterori- ~ €70rS, triaxial halo shapes, and LSS may thus be somewhat
ronment), and avoid simulation box replications and random Pessimistic. However, given how commonly the mass mea-
rotations by using the resultsof Hoekbfra (2001, 2003) to ex Surement method we employ is used to analyse observations,
tend our results to the full LOS integration length back te th it 1S still necessary to obtain estimates of scatter and ibias
weak lensing source redshift. Furthermore, as we will show the relation between WL masses measured using this method
below, predicting the bias in WL mass estimates to bettar tha and true three-dimensional masses. _ _
10% is a non-trivial task that will require detailed simioat In §2 we describe the simulation and halo finder used in
studies. In this context, our study serves as an example ofhis work. In & we review the weak lensing formalism and

the kind of work that will be needed to obtain percent-level describe our procedure for extracting reduced tangeregis
accuracy from future WL mass estimates. profiles from the particle distributions around the halosun

simulations. In BK we fit the reduced tangential shear profile
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of simulated clusters, illustrate how various sources aftsc and eigenvectors are sorted into ascending order. Theesquar
in the WL masses behave in simulations, and give estimategoots of the eigenvalues will be denoted pg b, c} and we

of bias and scatter in the recovered masses in the presence @dopt the convention that < b < c. With our conventions
observational errors. 185 we compare our results to ptsvio the intermediate-to-major axis ratioligc and the minor-to-
work and describe some implications of our bias and scattermajor axis ratio isa/c. Finally, we define a parameter from
estimates. Finally, we give some general remarks and concluthe axis ratios calle8,

sions in §6. a
s=2. @3)
2. THE COSMOLOGICAL SIMULATION c
For our study we use a simulation of a fll€DM cosmol-  For a perfectly spherical hal&= 1 and for a perfectly pro-

ogy with parameters consistent with the WMAP 7 year re- Iagle ?alo%: OIITthi?] p|arangetter1r (Ijosemrsﬁ:rlg)ls/ldis“ngulish between
sults (Komatsu et al. 2001082, = 0.27,9Q, = 0.044,05 = 0.79, oblate and prolate halos, but halo cosmologies are

n=095. The simulation followed evolution of 1024jark . Note thatwe do notiteratively measure the triaxial axes, as
matter particles frong = 60 toz= 0 in a box of 120007Mpc is customary done. We also do not apply radial weighting and

: : P : : : do notremove subhalos, as is often done in more sophidiicate
on a side using distributed version of the Adaptive Refindmen . . ’ S
Tree (ART cogé Kravtsov et al. (1997); Gottlrc))eber & Klypin algorithms measuring halo triaxiality (e.., Bett etlal0Zp

(2008). The mass of each dark matter particle in the simula- 12010). In this study we are only interested in the
tion is 698 x 101° h™'M,,, and their evolution was integrated general direction of each halo major axis, and only use the

- . . . ) measured axis rati8 to rank-order halos by their triaxialit
with effective spatial resolution of 38 tkpc. The simula- y y

, e . (i.e. we do not use its absolute value). Thus our simplified
tion was used in_Tinker et al.(2008), where it was labeled ahoq for estimating axis ratios should be adequate for our
L1000W. We use the redshift 0.25 and 0.50 snapshots for OUlurposes
results below. '

The halos are identified using the spherical overdensity al-
gorithm described ilm%al 08) and we refer the 3 ITENSING _FORMALISM S
reader to this work for a complete description of the details The weak lensing equations follow from the linearized
concerning halo identification. We measure the true halesmas geodesic and Einstein equations set in an homogeneous,
using the common overdensity criterion isotropic, expanding universe, with weak perturbationtheo
metric (seH-% for a pedagogical introduction).
Ma :Ap(z)ilwr3 ) We use the approximation given by egs. 7-9_in_Jain et al.
3 A (2000) in which the line-of-sight component of the Laplacia
of the potential is neglected and straight-line photon patie
gssumed. Under this approximation and assuming a flat ge-
ometry, the convergence can be calculated as (Metzlet et al.

whereMa is the mass at the overdensifyp(z) andra is
the radius enclosing this overdensity. We use masses define
using overdensities defined with respect to both the mean

pm(2), and critical densitiesyc(2), at a given redshift of our 2007)

simulation snapshot. We will follow the notation thetgg _ 3 (Hox 2 L 0

is the mass withAp(2) = 5000¢(2), M2oan is the mass with =5\ "¢ Qm/o t(l_t)gdtv (4)
Ap(2) = 20Qn(2), etc. The various mass thresholds used in

our analysis will be listed when they are relevant. wherey is the comoving distance to the sourgé,s the ra-

For every halo we additionally fit the spherically-averaged dial component of the photon’s comoving position along its
three-dimensional density profile with the NFW profile. We unperturbed path,= x’/x, d is the mass overdensityjs the
first bin the profiles using the following procedure. We sort scale factor normalized to unity toddy, is the Hubble con-
the halo’s particles by distance to the halo center intorasce  stant,cis the speed of light, and,, is the total matter density
ing order. We use the halo center output from the halo finder.atz= 0 in units of the present day critical density. This equa-
We then group the particles in bins so that there are at [€ast 3 tion is commonly referred to as the Born approximation in the
particles per bin moving out in radius. The radius of the bini literature and is applicable for sources at a single retisinif
set to the average radius of the particles in the bin. The erro the case of multiple sources at different redshifts, thegrsl
in the density is computed assuming Poisson statistics. Thecan simply be averaged over the normalized source redshift
density profiles are then fit with an NFW profile using& distribution. Equatiofil4 highlights the dimensionlesssiag
fitting metric using the non-linear least-squares Levegber kernelg(t) =t(1-t). In general, this kernel function is broad in
Marquardt algorithm(Press etlal. 1992). redshift and weak lensing measurements of individual ehsst
We also measure the halo’s shape from the inertia tensorcan therefore be easily affected by structures projectmubal
The inertia tensor is defined as (emzooe) the LOS.
Although more complicated ray-tracing schemes exist to
Mij = 1 in(n)x(_n) 7 ) evaluate the convergence and shear along the actual curved
Na < photon paths (e.g., _Jain et al. 2000; Vale & White 2003;

] o Hilbert et al.l 2009), we choose to use the Born approxima-
where the sum extends overuu\ partlcles of the halo within tion to S|mp||fy and Speed up our calculations. Genera”y,
a predefined radius, andxi(”) is theith coordinatei(= 1,2, 3) one expects that the Born approximation will fail in high-
of the nth particle relative to the halo center. We first com- convergence regions (see elg., Vale & White 2003). We use
pute the inertia tensor defined in Equafidn 2 using all pagic ~ a ray-tracing code similar to that bf Hilbert ef dl. (2009) to
within a predefined radiusy. We then diagonaliz&; ; and check the accuracy of the Born approximation around our ha-
compute its eigenvalues and eigenvectors. The eigenvalueks. Over the radial range of 1o 25 at bothz=0.25 and
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z=0.50 the Born approximation is accurate$01% and so For every grid cell, we calculate the component of the shear
does not compromise the accuracy of our WL masses. tangential to the radius vector connecting the cell undar co

Working in the flat-sky approximation, the two components sideration to the center of the halo. The shear transformas as
of the shear and the convergence are related through derivasecond-rank tensor under rotations, so that we can define

tives of the lensing potentiat: e = 1 COS(Z) —2in(20)
E="MN 2

1 :
n=3 (02— 20) (5) Y8 = 718IN(Y) ~~2€08(D) ,
wheref is the angle counter-clockwise from the positive 1-
2=y, (6) axis. We have used the comm&n and B-mode decompo-

sition applied around the halo center and the grid cell under
_ 1V2 7 consideration in the equations above, so that the tangentia
F=5 1Y (7) shear satisfiest =~g. Under the assumption of small dis-

. . . . . . __tortions to galaxy shapes due to gravitational lensingathe
Note that equatiof]7 is a two-dimensional Poisson equationgrage shape over a set of galaxies will give a measurement

for ¢ sourced by 2. Assuming vacuum boundary conditions, of the reduced sheag » = v12/(1- k) (see e.g., Appendix
¢ can be written as a convolution of the two-dimensional A of Mandelbaum et al. 2006 for this result and higher order
Green's function with the effective source,2 corrections). Thus using the convergence, we compute the

1 reduced tangential shear fielg= 71 /(1- ), for use in our
P== /dzx’n(x’)ln [x=x']. (8) WL mass modeling, details of which we describe in the next
i subsection.

The shear components defined in Equatidns $and 6 can be ob- ) ) . "
tained froms by taking the appropriate derivatives of Equa- 3.2. The Noise Properties of the Shear Profile and Fitting

tion (8) with respect to the componentsf We choose to Methods
directly convolve the resulting kernels for, In order to accurately predict the scatter in the cluster
o o masses estimated from reduced tangential shear profitgfitti
1 (82In Ix=X'|-02In x=x]) = (X2 =X5)" — (X1 —x3) we must ensure that our calculated profiles have similaenois
2r 1 2 o [(Xl_xl)2+(X2_X/)2]2 ' properties to observed profiles. Hoeksfra (2001, 2003) has
1 2 established that the noise in the reduced tangential shear p
and forys,, files can be broken into two components. The first component
, , is random noise due to the intrinsic noise in the shapes of
1o2n x—x/| = (X1 =X}) (X2 = %5) the galaxies themselves and should decrease with the num-
T 12 7 [ —x)2+ (e -x5)7] > ber of galaxies used in each radial bincad/+/N. The sec-

ond source of noise is due to LSS (and also due to triaxial-
into the convergence field using an FFT and zero padding. ity of halos). However, Hoekstra (2001, 2003) only consid-
ered noise from LSS uncorrelated with the target lens. This
3.1. Analysis of the Simulation source of noise does not decrease as the source galaxy den-
: ity increases, and in general LSS introduces correlatise no
We use Equatiohl4 to produce convergence maps arqun(ﬁ] the shear field around a halo (Dodel$on 2004). We neglect
clusters extracted from the simulation. Using a single sim- all other potential sources of noise or systematic erroch su
ulation snapshot, we extract all of the particles aroundheac as contamination of the source galaxies with cluster mesber

cluster in a 20< 20 x 400h™*Mpc box. We use comoving dis- [Okabe et 41201 ; ;
tances in this work. The-axis direction is used for the long (e.0. L_Zgggg,)agrdupnhkontgvrcr? tég:urfc:(lsrr]gctigrr]ﬁigi(e.g.

axis of the box. To explore the effects of projected corezlat [2010). The contamination of the source galaxies
LSS, we vary the length of the long axis of the box from 310 it cluster members can producezan-10% bias in typical

4_00h‘1Mpc,_but always keep the transverse size of the analy-yy_ masses| (Okabe et| 10), though the exact magnitude
sis volume fixed. . of this effect depends sensitively on the contaminatioa.rat
For a given choice of the LOS length, we sum over all parti- ynpknown source redshifts can introduce systematic biases i
cles from the simulation along the long dimension of the vol- \y/_ masses ofc +5-10% as the source redshift is changed
ume in order to compute the integral in Equafidn 4, account- by 0.2 (Okabe et a[. 2010). The improper use of photomet-
ing for the periodic boundary conditions. In the transverse (ic redshifts can introduce large +5-15% biases in the
directions, we use the triangular-shaped cloud interiat  estimated lensing critical surface density (Mandelbauailet
onto a projected 2D grid Wh|ch.has a dimension of 51312 _ [2008) and thus WL masses.
cells. The angle of each particle from the cluster center is  £or halos extracted from a cosmological simulation, the
computed assuming the cluster center is at the comoving disyypjse and correlations due to LSS are already included. We
tance corresponding to the simulation snapshot redsHii. T thys simply add to the mean reduced tangential shear value
source redshifs is fixed at 1.0 in this work. We then compute  of gach radial bin the Gaussian noise due to the limited num-

the shear field from the convergence maps according to theyer of hackground sources. This noise has a zero mean and
procedure described above. We have checked that with a grid,5rjance

of 1024x 1024 cells and a transverse box width offt&Mpc ,_ of
(a factor ofa 2.7x better resolution) that our results for the IS A 9)
bias in the WL masses we find below are unchanged 6. ga
The results for the scatter and the slope oflhg. —Ma re- whereo, is the intrinsic shape noise of the souragg, is the

lation are unchanged to this accuracy as well. surface density of source galaxies on the sky,Aithe area
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of the annulus. Note that magnification and size bias will in- We also neglect the contribution of to the overall shape
troduce changes in the effective number density of sourkes anoise of the sources. When estimating the intrinsic noise in
a function of radius relative to the geometric expectatiopig WL mass estimates due to LSS alone, we use the sgnfie
above in Equatiof]9 (Schmidt et a.b; Schmidt & Rozo weighted by the observational errors, but do not add observa
12010; Rozo et al, 2010). For simplicity we will neglect this tional noise to the mean reduced shear value of each bin. We
effect in this work. have verified that an unweighted-fit,

We adoptoe = 0.3 for the intrinsic shape noise. This

value is typical for ground-based observations like thase i ) N )
[Okabe et dl[(2010). Note that is the shape noise in the re- Xaw= D [Gi=Onew(ri, Ma,ca)l®

duced tangential shear per galaxy. This amount of shape nois i=1

n t_he reduced tangential shear is rO.UQth equivalent tcagesh or a fit that minimizes the summed absolute deviations from
noise of 0.4 per shear component (ize ~ 0.4/+/2). We will the model profile

use the following representative values for the sourcexgala

densitynga: Nga = 10 galaxies/arcminfor the Dark Energy ) N

Survefil (DES) or similar observations (e.g., Hoekstra & Dain Xabs™ Z|gi = Onrw(ri,Ma,Ca)l

2008; Okabe et al. 2011004 = 20 galaxies/arcminfor deep i=1

ground-based observations, ang = 40 galaxies/arcmirfor both produce similar or larger scatter in the WL masses at

very deep ground-based observations like the Large Synopti fixed true mass. However the fractional bias in the WL masses

Survey Telescofie(LSST) or space-based observations like yaries by a few percent depending on the choice of fitting met-
those from theHubble Space Telescoge.g.[Hoekstra etal.  ric a5 described below. For our main results we usea

2002) or Euclil. We also present results with no observa- fit with or without observational errors added to the reduced
tional errors added to the reduced shear profiles in order toghegr profile depending on the context.
illustrate the intrinsic scatter and bias in the WL masses at e compute the errors and correlations of various quanti-
fixed true mass. I ties derived from the simulation and reduced tangentiashe
As stated |r_1|§]1, we will estimate the true mass of the clusterprof“e fits (e.g., the parameters of and scatter in i@ -
with WL b_y f|tt|_ng the tanggntlal component of the _reduced Msoo relation) using a jackknife method. Namely, for the en-
shear profile with that predicted from the NFW profile in the ;.6 1000h1Mpc simulation box we split the two dimensions
thin lens approximation. In the fits we vary both the total 1as o nendicular to the LOS direction (i.e. the x-y plane parpe
and concentration independently. We use logarithmic bigni 5 iar to thez-axis direction in our case) into a 110 grid of

in radius. Below we will systematically test the effects of )
variations in the number of bins used and the maximum ra- ST TR R G L MG R AT TER e
dius of the fits. For simplicity, we fix the minimum radius of our desired quantities by not considering the halos imeac

used for fitting the binned reduced tangential shear prdfiles . S ) ;
1’ at all redshifts. This value is similar to that used in typica cellin turn (se al. 2002 for a similar techrjque

ground-based WL analyses (see é.g., Okabe et all 2010). Note
however that for space-based observations the minimum fitra 4. RESULTS

dius can be as small as 0(see e.gl, Hoekstra et/al. 2010a).  Our aim in this section is to illustrate the effect of the un-
Tests with the higher resolution 10241024 cell grids indi-  correlated and correlated LSS on WL mass estimates and
cate that the bias in the WL masses we find below decrease$o give estimates for the scatter in WL-measured masses at
by ~ 1-2% using a 0.5inner fitting radius, indicating that fixed true mass under a variety of observational conditions.
the exact choice of inner fitting radius has a relatively $mal Our primary results in Figures -3 are discussed in detail

effect on our results. in §.3. For these results we have chosen halos from the
We use ay?-fitting metric and the non-linear least-squares z = 0.25 andz = 0.50 snapshots and have used= 0.3 and

Levenberg-Marquardt —algorithm throughout al. ngy = 20 galaxies/arcmito fix the error for each bin in
11992). For the comparison of our results to WL observations, the \ 2-fitting metric, but have not added observational scatter
ax*-fitis appropriate. Specifically, the?-fitting metric is (through Equatiofi]9) to the reduced tangential shear profile
N 2 Also, for these fiducial results we use 15 logarithmic bins in

2 _ Z 9 —9nrw(ri;Ma,Ca) (10) radius from the inner radial limit of 1 arcminute to an outer r

X os(ri) ' dial limit of 20 arcminutes at = 0.25 and 10 logarithmic bins

=1 from 1 to 10 arcminutes &= 0.50. As discussed above in

whereg; is the reduced tangential shear averaged over the an3.2, the results in these figures illustrate the intrinsatter
nulus at radius;, gnew(r,Ma,ca) is the prediction for the  and bias in the WL masses at fixed true mass in the absence
reduced tangential shear from an NFW profile at radius of observational effects.
for massMa and concentratiocs, andog(r) is the intrin- For our primary results, we fit for masses at an overdensity
sic shape noise given by Equat[dn 9 for the sources in the binof 500 with respect to the critical density at the redshift of
at radiusr. The radius of each bin is computed from the  our halos. Qualitatively, the intrinsic scatter and biashie
average radius of the sources in each bin. With this defmitio WL masses for other overdensity mass definitions are simi-
of the fitting metric, each radial bin is treated indepentyent lar. The effects of halo shape and orientation with respect t
although LSS will correlate the radial bins as discussed@bo the LOS are discussed il 84.2. In_84.3, we give estimates
for the scatter and bias in WL mass estimates under changing
5http://ww. dar kener gysur vey. or g/ observational conditions, including varying overden§ity,
Shttp://ww.|sst.org/lsst number of bins, maximum fit radius, source galaxy densities,
http://sci.esa.int/euclid and source galaxy shape noise. We emphasize again that the


http://www.darkenergysurvey.org/
http://www.lsst.org/lsst
 http://sci.esa.int/euclid
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FIG. 1.— The bias and scatter in WL mass measuremenkdsgg. at z= 0.25 (eft) andz = 0.50 (right). The open circleshjack) and filled triangles iflue)
show the results for halos satisfying the mass cuts givemeitidp panels for each redshift. The filled triangles ardeshiby+0.05 dex in the horizontal direction
for clarity. The lines show the predictions from Equafiofid2he regime where uncorrelated LSS along the LOS beginaye hn effect on the scatter in the
WL masses for each mass cut and redshift. £ed §4.1 for detaiterning the fit of Equatidnll2 to the simulation data. THerMasses are clearly biased using
for the NFW fitting and the behavior of the scatter as a fumctibLOS integration length is different for low- and high-ssahalos. Note that a non-negligible
fraction of the scatter and bias is due to correlated strastin matter distribution at distances betweeB and 16 *Mpc from the cluster.

results of this section are specific to the method we have cho- The scatter, denoted as m,, , is the width of the best fit
sen for measuring the WL masses, even when we do not refeGaussian to the residuals from a fit of thevig —InMsgge
explicitly to our method itself. In[85 we will present a full relation of the form

discussion of our results in comparison to previous work.

MwL Msoa:
— | =00+ .
4.1. Intrinsic Bias and Scatter in WL Mass Estimates In ( Mp ) ptaln ( M, ) (11)

We will consider the distribution of WL masses at fixed true

mass for a series of line-of-sight integration lengths aheoto The bias is defined g3 from the equation above and is the

X . . . bias in(InMw|Msoa:). My is a pivot mass chosen so that the
study the sources of bias and scatter. We will use integratio errors on3 anda are uncorrelateda is the slope of the re-

lengths of 3, 6, 15, 30, (_310 120, 240, and 408Mpc. AN 3100 The covariance matrix of the quantities, o, oy, +
integration Iength of 490 Mpc, for example, indicates that g computed using the jackknife method described[in]§3.2.
all the matter in the simulation from200 h™Mpc to +200  We have computed all of the correlations of the quantities
h™*Mpc along the LOS (with the cluster at zero) was included {3, «,onm,, } between the various LOS integration lengths
in constructing the reduced tangential shear profile. Fohea and mass ranges using the jackknife method as well. The er-
simulation snapshot and integration length we obtain a WL ror bars shown in Figulld 1 are the square-root of the diagonal
mass estimate dflsoo: for the cluster under consideration and  elements of the jackknife covariance matrix. The best-fit pa
can compare this WL mass estimate to the i@ mass  rameters of Equatidn11 for each mass threshold and snapshot
measured in three dimensions. o using the 40th~Mpc integration length foMsgq. are given
Figure[1 shows the intrinsic scatter and bias in the WL in Table[d. The scatter in the WL masses listed in this table is
masses as a function of LOS integration length for the pop-extrapolated to the full LOS as described below.
ulation of halos atz = 0.25 andz= 0.50 snhapshots. We have  |n the method we adopt (i.e., the NFW profile fitting of the
made two different mass cuts at each redshift to illustrate reduced tangential shear profile), the WL masses are on aver-
the difference between high- and low-mass halos. For theage biased low bys 6% in thez = 0.25 andz = 0.50 snap-
z=0.25 snapshot, we have kept the halos Wihoo: above  shots. A large portion, but not all, of the bias in the WL
6.0 x 1081 M, and 20 x 10h™ M, for the low and high  masses occurs because the NFW profile is a poor descrip-
mass halo samples respectively. For2t%0.50 snapshot the  tion of the actual shear profiles of clusters at the radii used
cuts were placed at8x 10*h™* M, and 15 x 10*h™* M. in the fitting. We illustrate this issue as follows. For eaaloh
These mass thresholds are set so that the halo sample is comwe fit an NFW profile to the halo’s three-dimensional mass
plete above the low-mass threshold, so that there is approxprofile. Then using the parameters from this fit, we predict
imately the same number of halos in the high-mass samplethe reduced shear profilgr new. In Figure[2 we have plot-
at both redshifts, and so that the qualitative differenndbé ted the fractional difference between the true reducedrshea
shape of the scatter in the WL masses as a function of LOS in-profile, gr, and the prediction from the NFW fit of the three-
tegration length between the low- and high-mass halo saample dimensional halo mass profile(—gr nrw)/ gt new fOr Clus-
are maximized. ter halos in different ranges of madlgoo.. Note that we com-
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FiG. 2.— Mean fractional difference between the reduced tatijeshear profile predicted from an NFW fit to the three-disienal mass profile of each halo,
gr.nFw, and the halo’s true reduced tangential shear prafileThe average is taken in four bins of IMgoq: for thez=0.25 (eft) andz= 0.50 (right) snapshots.
The vertical lines extending from the top of each panel nggl for each halo mass bin. The range in Mgy for each halo mass bin and the associated line
style (and color) are given in the lower left corner of eachgdaThe virial radius of the halos in each mass bin iszdrso.. The up turn at large radii is due
to 2-halo contributions to the stacked shear signal. In¢g@én between the 1- and 2-halo contributions beyond the\iahl radius, the NFW model is clearly

wrong (see e.d.. Tavio eflal. 2008). Note that 1 arcminuteesponds to comoving distances of 208kpc and 38 kpc atz= 0.25 andz= 0.50 respectively.

pute the factional differences for each halo individualiyla  from the three-dimensional halo profile. Additionally, ave
then average over the mass bin. The lines at the top of theaging the WL masses estimated from spherically-symmetric
figure indicate the value afsoe.. The virial radius of each ~ NFW model fits to individual triaxial halos with differentier
halo is~ 2rsoq, Which is well within 10 arcminutes for both  entations along the LOS can produce a biased average WL
analyzed redshifts for most clusters in the sample. Typical mass at the level of a few percent for a single set of axis ra-
fits of the reduced tangential shear profile extend out te 10 tios (Corless & King 2007). However when the WL masses
20, where the actual reduced shegrdeviates significantly ~ from fits to individual clusters are averaged over the entire
from the predictions of the three-dimensional model. Thesepopulation of halos with a range of axis ratios the net bias is
deviations first become more negative as the density profilesmall, ~ 1% high (Corless & King 2007). In addition to the
becomes steeper than the NFW profile in the cluster infall re- effects of halo shape, the correlation between the halormajo
gion. At larger radii the NFW model asymptotes to zero and axis and the direction to nearby halos and filaments can po-
the fractional deviations then become more positive due to 2 tentially change the expected bias in the WL masses from this
halo contributions of matter around the cluster. orientation averaging effect as well. Our simulations uiie

A simple Monte Carlo estimate of the bias in the WL all of these correlations automatically and so are a usedl t
masses from the results of Figlide 2 shows that fitting an in-for studying these effects in aggregate.
correct model can account fer 2—4% of the bias in the WL Note also that the bias in the WL masses depends sensi-
masses at any overdensity and redshift. We make this estimattively on the fitting method. If we use the?, or 2, fitting
as follows. We generate reduced tangential shear profiles usmetrics, the WL masses are only biased low 8 —4%.
ing a given mass and concentration of the cluster. We thenThese metrics tend to weigh the inner bins of the reduced tan-
introduce a bias in these profiles using the results of Figure gential shear profile in the fit more than a pufefitting met-
Then we fit the reduced tangential shear profile to determineric. The reduced tangential shear profile is biased lessdin th
a WL mass and compute the fractional bias in the WL mass.inner regions in Figurd]2, so that the WL masses tend to be
Our results indicate that using an improved fitting function  |ess biased using these alternative fitting metrics.

limiting the radial range of the fits to the virial region, ixdke- We additionally find that the exact choice of halo center
crease, but may not fully eliminate, the bias in our WL mass can have a strong effect on the bias in the WL masses. For ex-
estimates. ample, if we allow the halo centers to move randonitj00

There are other physical sources of bias in the WL massesy-1kpc comoving in the two orthogonal directions in the pro-
only some of which are included in Figure 2. Substructure in jected halo field about the fiducial center defined by the halo
the outskirts of halos will cause the shear profile to deviate i qer the bias increases+o7—10% low for the 400 Mpc

low at rﬁd“ rlless tha?lthe [jadi_us Or‘;_thhe subzt“ructure atrh‘gwm integration length at = 0.25. We can also search for the peak
cause the shear protile to deviate high at radii greater trant o ihe convergence field for each halo. We search the region

Substrcture, Ths source of i i aeady ncluded edhe  defined by12 i cells about the grid center4G0r kg
9 parnng in comoving distance) for the peak of the convergence field

substructures in the simulation included to the expectedrsh for the 400h*Mpc integration length at= 0.25. In this case,
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ter in the shear due to uncorrelated LSS as a function of the

TABLE 1 LOS integration lengthl, andA is a proportionality constant
INTRINSIC RELATION BETWEENWEAK LENSINGMASSESTIMATES . . 1 .. .
OF MsogAND TRUE MASS.2 with units ofh™ M, that is independent of the LOS integra-
tion lengthd and halo masdMeqis the median halo mass of
Mp 3 o Oy ” the sample under consideration. The form of this model is mo-

- e tivated by the fact that scatter from uncorrelated LSS ghoul
2=0.25,Msog: 2 6.0x 100" Mo simply add in quadrature to the scatter from triaxial halo

0.74x 1080 M, -0.059+0.003 099740006 02970008 shapes and correlated LSS. We compitg(d) as a function
. © of integration length using the results of HoeKsfra (200i#) w

2=0.25,Msoqe > 2.0 x 104401 Mg the transfer function from_Eisenstein & HuU (1998) and the
s non-linear matter power spectrum from Smith etlal. (2003).
280x10“h™* Mo  -0.05240007  Q99+003  0207+0.005 In generalg, ss(d) depends on the radius and width of the an-

nulus used to average the tangential shear. However, asishow

=0.50, Mspq; > 5.0 x 10'3h™1M . ; .
‘ s0m = > © in[Hoekstra[(2003), this dependence is not strong. We use a

7.89x 108%h™ My -0.063+0.003 1001+ 0.007 Q311+0.009 bin of radius 10 arcminutes with a width much less than the
ot radius to get a representative value. For each snapshot this
2=050,Mso0: > 15x 10“h ™M, model is fit the to the last four LOS integration length points

(i.e. 60, 120, 240 and 400 Mpc) for both mass bins si-

207x 10%h*M; -0.054+0.008 Q96+ 0.03 022+0.01 . . h . -
multaneously using the jackknife covariance matrix coragut

: . — :
b ?ﬁe Equat'ot;ﬂlgor debf'n't'onstm thle tpzram.emfé 6&”"&1'@ o above. We assume that both mass bins have the same value of
detale T oers flave heen exirapaialed tsing Equation r A, but different values of, fiow and frign, for a total of three
free parameters per snapshot and five degrees of freedom in
the fit.

the peak tends to be approximately two grid cells (7&pc The fractional scatter predicted by Equafioh 12 for the low-
comoving) or less away from the fiducial halo center defined ;4 high-mass sample of halos is shown as the solid lines

by the halo finder. The bias in the WL masses increases by, Figure[1. We have plotted model predictions for points
< 1% using these new halo centers. Thus we can concludg,q: sed to fix the value oA fiow, and fygn for the low

that the halo centers defined by our halo finder are robust in e ; P
this regard. The effect of halo centering on the bias in the WL g}azsisbgosn;ré@ﬁg? 2?&52?; tt?]se v\\;glltevsv%gf, tgr?dsa :e(r:l?c():rvalue
masses is quite sensitive to the exact choice of inner fitdng  gach snapshot indicate the total amount of scatter due 6o hal
?r:ysdas shc&wn bb_LHtDH?-ks—U—aRej al. (2010a). We do not exploreyiayiality and correlated LSS. The three parameters fer th
IS aepenaence In this work. . . z=0.25 snapshot aré = (7.5+ 0.3) x 10®h ™M, fiow =
The slopex of the relation in Equation 11 is generally con- 0.170- 0.002. andfu.. = 0.189- 0.006. For thez = 0.50
sistent with unity at large LOS integration lengths. Howeve o high = = P 511 x s
snapshot the parameters ake= (6.6 4 0.3) x 10°h™* M,

th &> 30 deviations of the slope bel b ity i .
O S o b O o G it fiow = 0,163+ 0.003, andfygn = 0.19+ 0.01. Figurdl shows

some mass ranges, especially at the smallest LOS integratio ) =
length in each snapshot for both mass bins. A relation with atrl"{‘t about 80% of the scaitéris due to matter withirs 3
h™Mpc of clusters (i.e., within 2 3 virial radii) and= 20%

slope significantly different than unity would indicate thize : )
bias in the WL masses depends on the halo mass. Howevel'hs fIMue to the matter in correlated structures between 3 and 10
~Mpc.

as shown in Figurgl2, the deviation of the reduced tangential . . . . .
This model summarizes nicely the way in which uncorre-

shear profiles from the NFW model are nearly the same over
all of tﬁe mass bins. consistent with the sloge of g, - lated LSS along the LOS effects WL masses. Uncorrelated
' LSS along the LOS adds approximately the same amount of

Msoq: being close to unity. > 3 .
As the LOS integration length is increased, so does the scatSCalter to mass estimates independent of halo mass. Thus, in
terms of fractional scatter, low-mass halos are more styong

ter in the WL masses. The scatter for the low-mass halo sam-
ple increases more strongly than that for the high-mass halc2ffected by uncorrelated LSS along the LOS because they pro-

sample in both snapshots. Note that correlated structares adUCe |€ss shear as compared to high-mass halos. This fact mo-
distances< 3— 10 h"Mpc contribute to the scatter. This cor- UVates the assumption that paramefeis the same for low-
related structure is not due to the triaxiality of the cluste an'?h@%?&?riiiggfesﬁ/vem andf. for the different clus-

self, but is due to neighboring groups, clusters, and filamen ow high

At distances> 10h-!Mpc, the scatter is generated from a su- ter mass thresholds and snapshots are harder to explaia with

erposition of manv laraely uncorrelated structures simple model. They are essentially due to changes in haso bia
perp ylargely ' and shape as a function of mass. Less massive halos tend to be

We propose a simple toy model of the scatter as a func—more spherical (see e.f.. Allgood elial. 2006) than more mas-

tion of mass and LOS integration length which can explain _; : :
g . sive halos. Thus the fractional scatter generated by aieyag
the trends in Figurgl1. We assume that the scatter in the WLover many orientations is smaller for lower mass halos. Ad-

masses due to uncorrelated LSS is proportional to the scatyionaly “higher mass halos are more biased with respect t
tmeglsr;g;eazhear. We compute the fractional scatter in the WLthe dark matter than lower mass halos (see Tinker] 2010
for a recent study of halo bias). Therefore, contributians t
\/ fMo124 [AoLss(d)]2 the scatter in the WL masses from correlated structuredritsi
AMy _ [ med] OLSS (12) the virial radius (i.e. any slight increase in the scattenflan
MwL Mmed LOS integration length of 6 te: 120h‘1Mpc) along the LOS
where f is the fractional intrinsic scatter in the WL masses J€nerally are stronger for more massive halos. Based on the
due to halo triaxiality and correlated LS& ss(d) is the scat- changes in the scatter as function of LOS distance in F[gure 1
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F1G. 3.—Left Scatter-contour plot dflsgg-0btained from fitting the reduced tangential shear prdfllg, , against the tru®spo. mass measured in simulation.
The “high-density” regions of the plot are shown with greyadéd contours (light to dark indicates high- to low-densiyd the rest of the data is shown as
points. The solid (red) line marks a one-to-one ratio ancttehed (magenta) line is the best-fitting power-law giveBdoatior IlL. The best-fit power law is
biased low byx 6% but the slope is consistent with unifgight Residuals from the best-fitting power law on the left. Thiddine is the best-fitting Gaussian
model to the residuals in Msoe.. The skewness of the residuals7@+ 0.14, is clearly non-zero indicating that the conditionaltritisition of My at fixed
Msoq; is close to, but not quite log-normal. Sde 84.1 for details.

the effects of halo shape seem to be dominant in determiningmass sample witMsgq. > 1.5 x 104h™ M.
fiow and frign. However, as we noted above, the effects of
correlated LSS outside the virial radius are not negligible 4.2. The Effects of Halo Shape and Orientation

Additionally, the model in Equation12 can be used to ex- ; ; . .
trapolate the scatter measured in the simulations over a reén\i\é?icr)]r? voef e:lhs: Ln;gs\t,l/?tar\]teri;Bgcctotrée{ﬁgoEggtv;ﬁgntgée c?e”-
stricted LOS to the full LOS. We simply evaluate the model i 01 of its WL mass from the mean relation as a func-
using the value ofnss(d) from integrating over the entire  o"0¢ | og integration length. Specifically, we compute
LOS from the observer to the sources at redshift one. They " - 1otion coefficient between @snd Al Mo, =
results are given in Tablé 1 for both snapshots and mass binﬁn Mwt - (INMw [Msogs). Hered is the angle of theV\ﬁan’s
The extrapolated scatter values represent the total anodunt ; o : :
S ; ; o major axis with respect to the LOS (sdd §2 for details) and
intrinsic scatter in WL mass estimatesMgoq: for our fitting (In 'JVIWLlMSO(I:> is thgbest-fit mean re?ation defined in E()qua—
method from all sources along the LOS to redstwftl. Note tion[11. This correlation coefficient is 0.68 at the LOS inte-
that this extrapolation and the resulting effects of unelated ration lenath 61-Moc and declines te- 0.51 at 40ch-*Mpc
LSS on the scatter in the WL masses will change if the source](;_:’Or the Iow%nass halr()) sample defined above fromzthé 25

galaxies extend to higher redshits. snapshot. For the high mass halo sample from the same snap-

Finally, in Figure[3 we show a contour-scatter plot of . -
. ; . ; shot, the correlation coefficients at 6 and 400Mpc are
the InMw. -InMsog; relation and a histogram of the residuals =g 25 o 4 - 69 respectively. The correlation coefficient

about 1the bgst-fit power law for tfe= 0.25 snapshot at th? between cog andA InMy, is smooth and monotonic from 6
400h™Mpc mtegsrzitllon Iengthl. We have usgd all halos with to 400h™*Mpc. For the high mass halos, the correlation coef-
,t\)ﬂgf(gf%zggs%nltohlehs'rrI:AGIJaftc')c:rﬁhlshglr%t.tJeh\(/e\;E ﬁ:ssérg%}g;?ém ficient shows a slight increase from 3 thi8Mpc as the LOS

: imuation w mers integration length increases to include all of the halo'ssna
the true mass by a factor of five or more (the outliers in the Similar trends are seen in tze 0.50 snapshot
left panel of Figuré3). We have visually checked the reduced ™',y relation coefficients decrease as the LOS integra-
shear profiles of these halos and found that they are negative ., joqih is increased because of random perturbations to
Og?hglromig;? (E);gsesag% 03fﬁﬁt{ﬁgg'?’eggﬂgg%?cgc;@&,rﬁjhﬁnsae% e shear profiles due to uncorrelated LSS or due to imperfect
patholog , . P . ignment of correlated structures. The decline is strofgye
peakin the shear field which cancels shear from the main pealfower mass halos because they produce less shear, so that ran
as'?r?gl?:tgr?dvi\{;;[)hngwled?sa':lr?lﬂution of the WL masses from the dom perturbations have a larger effect. In addition to tloe fa
best-fit mean relation shown in the right panel of Fidire 3 that smaller halos produce less shear, it is known that the or
. gnt p O FIGUFe 3 antation of halos is correlated with the orientation of the fi
is close to log-normal. However there is a statistically sig mentary structure around them (s€é §1 for references). Thus
R!Ec?gtnt"?‘r']l ?r}ehlrgthVLarTe?ngef:.' TrhEIe 3SK§V¥B§ES% ng tlboer dis- the filamentary, correlated LSS around larger halos, whieh a
hl Iu 'on Ih ‘9Nt P ) 'gu ! h hi h. more highly biased, will work to maintain the correlationco

alos withMso; > 6.0 x 1 A _'Y'@' For the higher mass  gfsicient as the LOS integration length is increased.

sample withMsoe: > 2.0 x 10h™ M, the conditional dis- It is interesting that even considering all matter between
tribution is somewhat closer to log-normal with skewness _sng and+200 h~Mpc, the correlation coefficients are still
0.38+£0.11. The conditional distribution @=0.50is quite g ptantial,~ 0.50-0.60. We expect the correlation co-
similar with skewnesss.@jio.ls for the low mass sample  gfficients to decrease more as the LOS integration length
with Msog: > 5.0 x 10h™ M, and 049+ 0.12 for the high  js increased, but extrapolating accurately to the final aglu
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TABLE 2
BIAS AND SCATTER IN WEAK LENSINGMASSESESTIMATES OFMsp; AT z=0.252
maximum fit radius 12 bins 15 bins 17 bins 20 bins
{oe,Ngal} ={0.3,10}
Biad Scattef Bias Scatter Bias Scatter Bias Scatter
15 -0.06£0.01 0.38:0.02 -0.06:0.01 0.39:0.02 -0.08:0.01 0.34:0.02 -0.08:0.01 0.35:0.02
20 -0.09£0.01 0.34£0.02 -0.1@:0.02 0.37#0.04 -0.09£0.01 0.33:0.03 -0.16:0.01 0.36:0.03
25 -0.11+0.01 0.34£0.03 -0.1@:0.01 0.3#0.02 -0.12£0.01 0.33:0.02 -0.16:0.01 0.35:0.03
{oe,Ngal} ={0.3,20}
Bias Scatter Bias Scatter Bias Scatter Bias Scatter
15 -0.06£0.01 0.29:0.01 -0.0%:0.01 0.29:0.02 -0.06£0.01 0.28:0.02 -0.0740.01 0.27%0.02
20 -0.07£0.01 0.270.02 -0.040.01 0.29:0.02 -0.08:0.01 0.29:0.02 -0.08:0.01 0.29:0.02
25 -0.09£0.01 0.29:0.02 -0.1@:0.01 0.29:0.02 -0.09£0.01 0.27Z0.02 -0.16:0.01 0.28:0.02
{oe,Ngal} = {0.3,40}
Bias Scatter Bias Scatter Bias Scatter Bias Scatter
15 -0.05+0.01 0.26:0.02 -0.05:0.01 0.26:0.02 -0.05£0.01 0.25:0.02 -0.05-0.01 0.2A0.01
20 -0.06+0.01 0.24:0.02 -0.040.01 0.25:0.02 -0.06:0.01 0.24t0.01 -0.0A0.01 0.23:0.02
25 -0.0740.01 0.26:0.01 -0.040.01 0.22-0.02 -0.08:0.01 0.24t0.01 -0.08-0.01 0.25-0.01

aWe have used all halos witilsgg: > 2.0 x 101*h™ M. Additionally, we require that the WL mass differ from thagrmass by no more
than a factor of five.

b This quantity is8 from Equatio ZlL and is the bias {im My |Ma ).

¢ The scatter is defined as width of the best-fit Gaussian tcetsiduals of théiw-Ma relation, oinm,, -

for a full LOS from the simulation data we have presented mains positive even after extrapolating to a full LOS.

here is difficult. However, we can do this extrapolation ap- In addition to halo orientation with respect to the LOS, halo
proximately as follows. We use the toy model proposed in shapes also influence the WL masses. To investigate this ef-
Equatior IR above to include the effects of uncorrelated LSSfect, we build subsamples of halos which are more spherical
along the LOS on the WL masses. The term proportional to or more triaxial based on the minor to major axis ratio, de-
(Ao ss(d)/Mmeg? in Equatior IR is the extra variance intro- noted here a$ (see BP for details concerning its computa-
duced into the WL masses due to the effects of uncorrelatedion). We fit a power-law to the mean value®és a function

LSS projections along the LOS. We thus use log-normal ran-of Msoo: (a similar relation was used in Allgood et al. 2006).
dom deviates with variance equal tBo{ ss(d)/Msoe)? and ~ Using the mean power-law relation betwegandMsog:, we

zero mean to add scatter to the WL masses in order to simucompare all halos witl$in the upper quartile of the distribu-
late the effects of LSS projections along the LOS notinctlde tion of Sat fixed mass (i.e. the more spherical halos) to the
in our simulation box. Here we use the valuerpés(d) which entire halo population and all halos wigin the lower quar-
Corresponds to the extra scatter due to a full LOS from |ens-tl|e of the dlStI’IbL.Itlon ofSat fixed .mass .(I.e. the more trlaX|aI_
ing sources to the observer aRtigq is set to the true mass halos) to the entire halo populatlon using the same mass bins
of each cluster individually when adding the random scatter as before. These cuts generate four halo samples per stapsho
We start with the WL masses at an integration length of 120 We find that while the bias in normalization and slope of the
h~IMpc. The choice of starting integration length is motivated MwL-Msoc: relations are unaffected in a statistically signifi-
by the fact that most of the correlated structure along th§ LO Cant way by cuts on halo shape, the scatter in the WL masses
due to filamentary LSS is within 60-100-Mpc of the halo does depend on halo shape. Not unexpectedly, the WL masses
center. We then recompute the correlation coefficients. We®f more spherical halos have less scatter than those of more
find a correlation coefficient o 0.37 for the low-mass bins  t1axial halos. In both snapshots for the low-mass cuts, the
in both thez = 0.25 andz = 0.50 snapshots. For the high- MOre triaxial halos have: 3-5% more scatter than the entire
mass bins in both snapshots, the correlation coefficierts ar 12/0 Population while the more spherical halos ha@-5%

~ 0.58. If we use the WL masses at an integration length of less scatter than the entire halo population. For the highsm

) g cuts the mean shifts in the scatter between the different sam
cz)ﬁggxt,r\ggglgt]igieig :Jonggtsetr?: ?ha}g%ﬁg?ém' indicating that ples are the same, but the trend is not statistically sigmific

. : ; R given the jackknife errors. We find additionally that the-dif
_While there is certainly some uncertainty in this extrapola ference in the scatter in the WL masses between the more
tion, it is clear that the correlation still remains postieven

: : : ! herical halos and the entire population increases nehgin
integrating over a full LOS. Stated differently, the key muoi sphe . 1 - .
is that thesign (i.e. positive or negative) of the deviation of With integration length from 66™"Mpc to 400h~*Mpc in the

the WL mass from the true mass is on average set by the oriZ= 0.50 snapshot. Given that correlations between halo orien-

entation of the matter within and near the virial radius @ th tation and LSS persist out to 100h™*Mpc and that spherical
halo. Matter outside the virial radius of the halo along the halos tend to be more highly biased (i.e. more clustered) tha
LOS changes the strength of the correlation between the ori-fiaxial halos at fixed mass (Faltenbacher & White 2010) and
entation of the halo and the deviations of the WL masses fromthus tend to dominate their local environment more strangly
the true masses, but the correlation is always positivegit hi this trend is physically plausible.

significance on the scales probed by our simulation and re-
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TABLE 3
BIAS AND SCATTER IN WEAK LENSINGMASSES
ESTIMATES OF M2gam, Maoge, AND Msg AT z= 0.252P

mass definition\ p(2)° Biad! Scatte?
{0e.Ngal} = {0310}
2000m(2) 0.00£0.02  0.46:0.02
2000c(2) .0.06£0.01  0.35:0.01
5000c(2) -0.10£002  0.3%004
{oe,Ngai} = {0.3,20}
200pm(2) 0.02+0.01 0.32:0.02
200pc(7) -0.06£0.01  0.22-0.02
5000c(2) 0.0740.01  0.29-0.02
{0e.Ngal} = {0.3,40}
200pm(2) 0.02+0.01 0.270.02
2000c(2) -0.04:0.01  0.25:0.01
50000(2) 0.0740.01  0.250.02

a We have used all halos withgan > 4.0 x 1040 M),
Maoe: > 3.0 x 101, andMsgq: > 2.0 x 10, Additionally,

we require that the WL mass differ from the true mass by no
more than a factor of five.

b The WL masses were fit with an outer radial it limit of 20
arcminutes using 15 bins.

TABLE 4
BIAS AND SCATTER IN WEAK LENSINGMASSES
ESTIMATES OF Maoan, M2oa:, AND MsggAT 2= 0.50 2P

mass definition\ p(2)° Biad! Scatte?
{0e.Ngal} = {0310}
200pm(2) 0.03:0.03  0.52:0.07
2000¢(2) -0.04:0.02 057003
5000¢(2) 0114002 051004
{oe,Ngal} ={0.3,20}
2000m(2) -0.04:0.03  0.44:0.06
2000c(2) -0.08:0.02  0.42:0.05
500p0(2) -0.10£0.01  0.48:0.03
{0e.Ngal} = {0.3,40}
2000m(2) 0.02+0.02 0.32:0.08
200p¢(2) -0.064+0.01 0.36:0.03
500p0(2) -0.09£0.01  0.33-0.02

a We have used all halos witMzgqn > 4.0 x 1040 M),
Mooa: > 2.5 x 101, andMsgg: > 1.5 x 1014, Additionally,

we require that the WL mass differ from the true mass by no
more than a factor of five.

b The WL masses were fit with an outer radial fit limit of 10
arcminutes using 10 bins.

¢ Ap(2) is defined through the relation M= Ap(Z)%m’3.

d This quantity is3 from Equation[IlL and is the bias in
(nMw[Ma). . . .

€ The scatter is defined as width of the best-fit Gaussian to the
residuals of théviw_ -Ma relation, oinm,, -

¢ Ap(2) is defined through the relation M= Ap(z)gwr3.

d This quantity is3 from Equation[IlL and is the bias in
(nMw[Ma). . . .

€ The scatter is defined as width of the best-fit Gaussian to the
residuals of théviw -Ma relation, oinm,, -

4.3. Scatter and Bias Under Varying Observational outer radial limits of the fit and the number of bins for the
Conditions errors typical for a wide-area DES-like, deep ground-based
In this section we present the bias and scatter in the WLand space-based observational surveys. The scatter in the
masses at fixed true mass including the effects of galaxyeshap WL mass varies as a function of the quality of the observa-
noise. For each halo in the simulation, we vary the sourcetions, but varies very little with the exact choice of outar r
density, amount of shape noise, maximum radius of the fit, dial fit limit or number of bins. The expected scatter in WL
and the number of bins used in the fit. We consider WL massmass estimates dflsoq. at fixed true mass for very common
estimates oMzoan, M2oa:, andMspe.. For each set of obser-  ground-based or DES-like observationsis33-39%. For
vational parameters and mass overdensity definition, we meacurrent common ground-based or DES-like observations, the
sure the bias and scatter in the WL masses. Since we are nowlominant source of scatter is shape noise from background
including observational errors in the reduced tangentiahs galaxies. For deeper ground-based observations, theiscatt
profiles, the shear of some of the lower mass halos will be un-drops slightly to~x 27-29%. For high-quality observations
detectable. We thus focus only on the highest mass halos idike those expected from LSST or space-based instruments,
the simulation which have the highest signal-to-noise. the scatter drops te: 22-27%. As the number density of
Additionally, we find that in the presence of observational sources approaches that expected from space-based observa
errors, even while focusing on the high-mass halos onlyethe tions or LSST, the contribution to the scatter in the WL masse
are still outliers in the WL masses, especially for the psbre from galaxy shape noise becomes comparable or even sub-
observations witH ge, Nga} = {0.3,10}. These outliers gener-  dominant to the intrinsic scatter in the WL masses=a0.25
ally occur when the signal-to-noise is low so that the WL mass for the radial fitting ranges we have considered here. If the
differs from the true mass by a factor of five or more and is radial fitting range is decreased significantly (e.g. to 20 ar
biased low. We thus cut all halos where the WL mass differs cminutes), the scatter in the WL masses will increase even fo
from the true mass by a factor of five or more before comput- the highest quality observations simply because many fewer
ing the bias and scatter in the WL masses. These cuts rejecgalaxies are used in the measurement and thus the signal-to-
low signal-to-noise observations while still retainingeargple noise is lower.
with a sharp mass threshold above which the sample is nearly The bias in the WL masses at fixed true mass is in the range
100% complete. We do not use direct cuts on signal-to-noiseof [-12% -5%] in all cases az = 0.25. The errors in the
since these cuts result in a sample with varying complegenes bias from the jackknife samples are typicaity+1% for the
as a function of mass. This extra cut has a negligible effect o high-mass halo sample we are considering. The bias gener-
the results ar = 0.25, but does reduce the measured bias in ally increases with increasing outer radial fit limit. Theima
the WL masses a= 0.50. cause of this bias is apparent in Figlite 2: the deviation®f th
The bias and scatter in the WL mass measuremesf halo’s true tangential shear profile from the NFW model we
averaged over all halos witMspe: > 2.0 x 10"h™M,, at are using in our fitting method increases as the outer fit Ignit
z=0.25 are given in TablE]2. We show results for different increased, resulting in more bias in the WL masses. We have
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confirmed this trend using the Monte Carlo method described In addition to demonstrating that using an inaccurate den-
above. sity profile can bias WL mass estimates, we have demon-
For reference, the bias and scatter in WL mass measurestrated that even if the correct halo profile is known, theee a
ments for various other mass definitionzat0.25 are given  still biases in the WL masses which depend on the specific de-
in Table[3. For this table we have set the outer radial limit tails of the fitting method and need to be calibrated in simula
of the fit to 20 arcminutes and the number of bins to 15. The tions. Note that high-resolution simulations naturallglirde
shape noise contribution to the scatter in the WL masses isother sources of bias like substructure, halo triaxiakiygd
dominant for all mass definitions. The scatter increaselseast potential halo centering issues as well. Specifically, weeha
overdensity decreases because smaller overdensitidshpivo demonstrated in our simulations that halo centering egans
fit of the tangential shear profile away from the median ob- introduce~ 5% negative biases in WL masses as has been
served radius (Okabe ef 10). The shift in the pivot{poin seen before using analytic models (see é.g., Hoekstra et al.
causes uncertainty in the measured concentration of the NFW20104). The myriad of complications involved in WL mass
profile to project into the WL mass, causing the scatter to in- estimation makes detailed studies of shear fitting usingrshe
crease. fields derived from cosmological simulations indispeneal
The bias and scatter in the WL masses using an outer fitestimating the bias and scatter of the weak lensing mass mea-
limit of 10 arcminutes and 10 bins far= 0.50 are givenin  surements.
Tabld4. The biases in the WL masses in the presence of shape The orientation of the major axis of halo mass distribution
noise for common ground-based observations are marginallyalso affects the magnitude and sign of the bias in the WL
larger atz= 0.50 than aiz= 0.25. Also there is significantly = mass estimates. This effect was discussed by Clowe et al.
more scatter in the WL masses at 0.50, due to the de-  (2004) for a small sample of simulated clusters using alkmat
creased radial range of the fits and the corresponding dropter within 7.5h™*Mpc of the halo center[_Meneghetti ef al.
in signal-to-noise of the WL mass measurements. (2010b) have detected this effect with a similarly small sam
WL masses measured at an overdensitpfz) = 200om(2) ple of halos using all matter within 16-*Mpc of the halo
seem to be unbiased at batk 0.25 andz=0.50. In fact, the  center. Finally/ Corless & King (2007) used analytic triax-
Monte Carlo estimates of the magnitude of the bias predictijal NFW models to arrive at a similar conclusion for matter
that the WL masses should becomerebiased at lower over-  ithin the halo virial radius. We have extended this type of
density, not less biased. Additionally, if we use 10 bins and analysis to the full LOS, showing that these correlations pe
an outer fit limit of 10 arcminutes for the= 0.25 halos, then  sjst to large distances and for a much larger sample of simu-
the WL masses measured®p(z2) = 5000¢(2) are nearly unbi-  |ated halos.
ased;-0.01+0.01 for {ge, Nga} = {0.3,40}, as one would ex- Halos in the roundest quartile of the distribution ®fat
pect from FlgurEIZ However, with the 10 arcminute outer fit fixed mass have less scatter in the WL masseg[jy—5%
limit for the z=0.25 halos, the WL masses measured at lower and halos in the most triaxial quartile of the distributidrSo
overdensities are then biased higlQ@+t 0.01 for Maoe: and  at fixed mass have 3—5% more scatter than the overall halo
0.10-£0.02 forMzoan With {oe, Ngai} = {0.3,40}. The discrep-  population. A similar conclusion for matter just assoaiate
ancies between the measured biases in the WL masses anglith the halo itself was found By Corless & King (2007) using
the Monte Carlo predictions indicate that an unknown effect analytic triaxial NFW models of halo$. Marian ef al. (2010)
is Contributing to the bias in the WL masses and also illtistra found using a different WL mass estimator that WL masses
the complexity of these measurements. for low-mass halos have less scatter than for high-masshalo
5. DISCUSSION They interpreted this effect as due to the decrease of aliaxi

. i ) ity with decreasing halo mass expected\i@DM cosmology
Our results presented in the previous section show that conqe. g.[Allgood et al. 2006). We have presented a similarinte

tributions to the scatter and bias in WL masses estimated fro pretation of our results in Figufd 1. Finally, as indicatad i

an NFW fit comes from three physically distinct sources: mat- Figure[J, the majority of the scatter in the WL masses due to
ter within the halo virial l’adlus, correlated LSS at distasic matter correlated with the halo is set by matter within agpro

3-20 h™*Mpc from clusters, and uncorrelated LSS at larger imately two virial radii Marian et al 0) reached a dami
distances. Previous studies have used a combination of anagnclusion for a different WL mass estimator.
lytic models and simulations to study these different sesirc
separately, while we have considered the effects of alkethre
simultaneously. In the subsections below, we discuss the co 5.2. Correlated LSS
tributions of each of these sources. For our WL man measurement method, correlated LSS at
. . . distances: 3—-20h™*Mpc has a small, but non-negligible con-
5.1. Matter Within the Halo Virial Radius tribution (= 20% of the total) to the scatter of WL masses (and
The matter within the virial radius and immediately outside no effect on the bias). Clowe etldl. (2004) used the same WL
of it is a significant source of scatter and the main source of mass estimator as this study and saw hints of similar eftécts
biases in the WL mass estimates using NFW fits. Specifi- triaxiality and correlated LSS on WL masses to those we iden-
cally, the bias shown in Figuté 1 changes negligibly once thetify in this study. However, given the small number of clus-
LOS integration length is increased beyonti®Mpc. The ters analyzed, they could not quantify the effect of cotesla
main origin of the bias is shown in Figurk 2, which shows that LSS on the scatter in the WL masses. _Metzler et al, (2001)
deviations of the mean reduced tangential shear profile fromfound larger effects on both the bias and the scatter in WL
NFW profile are significant outside the virial radius. So when mass estimates due to correlated LSS. Similarly, Mariahl et a
these radii are included in the NFW fit, the resulting mass is (2010) found somewhat smaller effect on the scatter in the
biased low. The deviations in Figurk 2 are consistent wigh th WL masses due to correlated LSS than the ones we find in this
results of Tavio et al[(2008), who have systematicallyigitid ~ study, though they use a friends-of-friends halo finder Whic
density profiles of halos beyond the virial radius. complicates the separation of the effects of correlated LSS
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and triaxial halo shapes. However, these differences ast mo ing their work with our results, it is clear that their WL mass
likely due to differences in the method used to estimate theestimator is more efficient than the one considered here-in fil
WL massesi_Metzler et al. (2001) use an aperture mass estitering out the effects of uncorrelated LSS projections. sehe
mator, whereas Marian etlal. (2010) use a compensated apewdifferences highlight the need to study each WL mass esti-
ture mass estimator. The comparison of these works with ourmator individually in simulations in order to understansl it
own clearly demonstrates that the properties of WL massesproperties.
strongly depend on how they are estimated. In addition to the intrinsic effects of matter along
Note also that in some of the previous studies the effectsthe LOS, other authors have considered the effects WL
of correlated LSS on WL masses have been studied in lesshape noise as well_(Hoekstra 2001, 2003; King et al.
direct ways. For examplé, King etlal. (2001) studied a par-2001; [King & Schne|d r[_2001;[_Corless &.I%%b?
ticular configuration of two halos in close projection with a IMeneghetti et al.. 2010b; Hoekstra et al. _2010b).  While
varying impact parameter. They found changes in the re-our estimate of the effects of shape noise are consistent
covered WL masses that are similar to the scatter in the WLwith results of these studies, we are also able to accurately
masses measured from our simulations. Halos identified us-compare the effects of matter projections along the LOS
ing the spherical overdensity algorithm used in our stu@y ar with shape noise. In particular, we find that shape noise is a
known to have nearby, overlapping neighbors even at highdominant source of scatter in WL masses for most common
masses (e.g.. Evrard et al. 2008). This effect is the flip sideground-based observations (i.e{oe,nga} = {0.3,10} or
of the well-known “bridging effect” in friends-of-friendsalo {oe,Ngai} = {0.3,20}), even in the presence of triaxial halo
finders, which often join such neighboring halos into a ®ngl shapes and uncorrelated projections of mass along the LOS.
structure. The study 6f King etlal. (2001) thus provides somelOguri et al. [(2010) found that shape noise is the dominant

insight into the effects of different configurations of nagr- source of scatter in WL masses estimated with a different
ing halos with respect to the LOS and origin of scatter due to method using ground-based observations of individual-clus
nearby, correlated large-scale structures. ters as well. As the weak lensing observations become better

de Putter & White[(2005) have used a smaller B0MMpc for the WL mass estimator considered here, shape noise ef-
simulation tiled along the LOS to study the total amount of fects and intrinsic scatter will make comparable contrins
scatter introduced in WL masses due to LOS projections.to the total scatter in the WL masses (see Clowe et al.|2004
They estimate the scatter in WL masses by computing theand Hoekstra et al. 2010b for similar conclusions). In order
scatter in the tangential shear at a fixed radius due to LSS proto achieve precision calibration of cluster mass-obséevab
jections. While these authors do not distinguish between co relations for precision cosmology any source of scatter and
related and uncorrelated LSS, given the high masses of the habias at the level o> 1-10% needs to be considered and
los they consider, we have demonstrated that the effeggs the controlled.

observe are due mostly to halo shape and correlated LSS. 5.4. Implications for Precision Cosmology with Galaxy
5.3. Uncorrelated LSS Clusters and Weak Lensing

As the LOS integration length is increased into the regime Scaling relations between observable properties of alsiste
of uncorrelated LSS, we have found that for our WL mass es-and their total mass are the key component of cosmological
timator the scatter increases due to random projections. Ad constraints derived from cluster abundances and clugterin
ditionally, we have demonstrated that the modél of HoekstraHowever, the total masses of clusters are notoriously diffi-
(2003,2001) based on cosmic shear computations can coreult to measure. The most common mass estimates, which
rectly predict the increase of the scatter with LOS inte- use X-ray derived gas and temperature profiles and assump-
gration length in this regimel_Hoekstra et al. (2010b) have tion of hydrostatic equilibrium (HSE), can be biased low by 5
reached a similar conclusion using analytical NFW clusters 15% if non-thermal pressure support from gas motions or cos-
superimposed on top of uncorrelated LSS noise from ray-mic rays exists in clusters (see elg., Lau etal. 2009, and ref
tracing through a larg&l-body simulation. The formalism erences therein). A recent analysis/ by Mahdavi et al. (2008)
of [Hoekstra [(2003, 2001) also correctly predicts the differ has indeed indicated that the HSE X-ray derived masses are
ent behavior of WL masses measured for low- and high-masshiased low by~ 10% with respect to the WL masses, al-
halos in the presence of random projections along the LOS.though no such bias has been detected in other recent studies
The scatter in the WL masses of low-mass halos increasegZhang et al. 2008; Vikhlinin et al. 2009; Zhang etlal, 2010).
more than for high-mass halos as a function of LOS integra- Given the weak lensing mass estimates are hoped to be used
tion length because the high-mass halos generate more sheor precise calibration of cluster mass-observable r@hati
than the low-mass halds. Hoekstra ét[al. (2010b) find that un-further independent studies of systematics and sourcesbf s
correlated LSS has a larger effect on the scatter in the WLter in the WL mass measurements are critical.
masses than we find here. They have sources autt®, so How well the normalization of cluster scaling relations can
that they integrate over more mass fluctuations along the LOSbe constrained with WL mass measurements depends on the
whereas we have sources onlyzte 1. This change in source size of the sample and on the distribution of the measured
redshift accounts approximately for the differences betwe WL masses with respect to the true cluster mass. Conversely,
the estimates of scatter in the WL masses due to uncorrelatedf one plans to calibrate an observable-mass relation teengi
LSS. These differences also indicate that the relativeritmnit accuracy, one needs to know the scatter and bias to gauge the
tions to the intrinsic scatter of triaxial halo shapes angleco  required cluster sample size. In this study we have quadhtifie
lated LSS versus uncorrelated LSS will change as the sourcehis distribution using a large cosmological simulationaof
redshift is increased, with the effects of uncorrelated b8  ACDM cosmology. We have measured a scattex&0% in
coming strongerl_Marian etlal. (2010) find that uncorrelated the WL mass at fixed true mass for parameters which charac-
LSS projections have a negligible effect on their WL massesterize modern and upcoming WL surveys. This large scatter
estimated with a compensated aperture mass filter. Comparimplies that samples of at least few dozens of clusters will b
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required to constrain the normalization of scaling reladito WL mass estimation method and other systematic effects not
better than 510%. Biases in the WL masses are important as studied here, more detailed work is needed in this direction
well since they will directly shift the normalization of dter

scaling relations. Biases in WL masses will also complicate 6. CONCLUSIONS

attempts to learn about cluster astrophysics fromthesiagca  |n this paper we have studied the statistical properties of
relations. WL masses which are biased low (high) can poten-\w|_ mass estimates obtained by fitting the reduced tangential
tially mask (exacerbate) the effects of non-thermal pressu  shear profile with spherically-symmetric mass model in the
supportin comparisons with X-ray HSE mass measurementsthin-lens approximation. We have also systematically stive
Determining the bias accurately will be more difficult than gated the sources of scatter and bias in WL masses as a func-
the scatter. The current precision to which we can detect in-tion of mass and quantified the amount of scatter for typical
trinsic biases in our WL estimates Mso. is =~ 1% at 1- round- and space-based WL observations.
o for the highest mass halos. However, we have neglectedg Importantly, we did not examine in detail the relative mer-
other systematic and observational effects which can potenits of using other spherically-symmetric models or other fit
tially change the bias in our WL masses. Magnification and ting methods for WL data. We have found that the scatter
size bias (e.gl. Schmidt etlal. 2009a,b) will produce change and especially bias in WL mass estimates depends strongly
in the relative number of sources in each bin and thus ingn the specific details of the analysis like the choice of oute

the properties of WL mass estimatars (Schmidt & Rozo 2010; radial fit limit, the choice of halo mass definition, the degre
Rozo et al. 2010). Also, we have assumed perfect knowledgeag which the halo center can be determined accurately, the

of the source redshifts. The use of photometric redshifts orchoice of fitting metric, and importantly the choice of WL
unknown source redshifts can potentially induce biases of mass estimation method (i.e. spherically-symmetric model
+5-15% in the WL masses as well (e.g.. Mandelbaum et al. fits aperture densitometry, compensated aperture mass est
2008] Okabe et al. 2010). Contamination of the source galax-mates, etc.). Given the large number of choices made when
ies by cluster member galaxies can prodsicel0% system-  estimating WL masses, it is difficult to make general state-
atic biases as well (e.d.. Okabe etal. 2010). Misidentfyin ments about the performance of all WL mass estimators or
halo centers can also cause smalb% negative biases as  even explore all the possibilities. We have chosen to study
well (e.g., Hoekstra et &l. 2010a). These and other simitar e one common method of WL mass estimation in detail and
fects will need to be accounted for in order to derive aceurat leave the investigation of the performance other WL mass es-

masses from WL observations.

timation methods to future work.

Note that we have not used any strong lensing information  oOyr main conclusions are as follows.

about our halos. Using this information would require highe
resolution, more realistic simulations with baryonic plgs

full ray tracing of our halos, and mock galaxies so that real-
istic multiply imaged galaxies could be analyzed as is done
in observations. Such an analysis for three cluster-sized h
los have been carried out by Meneghetti etlal, (2010b). They
have found for their three simulated halos that the inclusio
of strong lensing information with the WL reduced tangen-
tial shear profile can reduce the scatter in the reconsttucte
cluster masses. While not all clusters will have strongitens
features in observations, understanding the statisticgirp
eties of strong lensing mass reconstructions in relatidheo
population of halos is an important avenue of future redearc
(see Meneghetti et Al. 2010a, for a study of strong lensing
cross-sections in this spirit).

Finally, our results have implications for follow-up s&at
gies employed with the future cluster samples from large sur
veys. [Wu et al.[(2010) have estimated that follow-up mass
observations to check for systematic errors in self-catibn
studies of Dark Energy can increase the Dark Energy figure
of merit (FOM) by up to 4B-76.4% depending on which
clusters as a function of mass and redshift are selected for
follow-up observations. However, such significant improve
ments in the FOM can be achieved only if the bias in the
follow-up mass estimates is known to better than 5%. The
increase in the FOM from follow-up observations is less sen-
sitive to the precise value of the scatter in the follow-upma
estimates, but a scatter of 40% can degrade the improvement
in the FOM noticeably compared to 10%. Our results put
the scatter of WL mass estimates from ground-based observa-
tions near~ 30%, so that some degradation in the improve-
ment of the FOM compared to their baseline results is ex-
pected. While in principle we have calibrated the bias at a
level that should not degrade the efficacy of follow-up obser
vations using WL masses, given its dependence on the exact

e Weak lensing cluster mass estimates made with

spherically-symmetric model fits have irreducible scat-
ter from correlated LSS around the clusters in addi-
tion to the well-known effects of halo triaxiality and
uncorrelated LSS. Specifically, we find that correlated
LSS contributess 20% and halo triaxiality contributes
~ 80% of the scatter due to matter within20 h™*Mpc

of the halo center.

For low-mass cluster halos the total intrinsic scatter is

dominated by uncorrelated LSS (see Figure 1 and Ta-
ble[d). For the most massive halos, correlated LSS
and halo triaxiality are the dominant sources of intrinsic

scatter for our assumed source redshift 1.

The contribution of uncorrelated LSS as a function of
increasing distance from the cluster for distange20
hMpc is well-described by the formalismlof Hoek5stra
(2001,2003). A similar conclusion was reached by
Hoekstra et &l (2010b).

e Weak lensing cluster mass estimates can generally have

small, but non-negligible bias of 5-10%. A large
portion of this bias is due to the fact that the NFW pro-
file assumed in this work is not a good description of
the true shear profile at large radii around clusters from
the simulations. However other physical effects in the
simulations, such as substructure and halo triaxiality,
likely contribute to this bias as well.

For current ground-based observations, shape noise
is the dominant source of scatter in the weak lens-
ing masses. For higher-quality observations with
higher source densities, the effects of shape noise be-
come comparable or sub-dominant to the effects of the
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sources of intrinsic scatter: halo triaxiality, correthte WL mass estimates to help study Dark Energy and do preci-
LSS, and uncorrelated LSS. A similar conclusion was sion cosmology.

reached by Hoekstra etl&l. (2010b), but by just compar-

ing shape noise and uncorrelated LSS.

We would like to thank Jeremy Tinker for supplying his
halo finder code and Anatoly Klypin for providing us the sim-

The overall implication of our results is that in order to ulation used in this study. We are also grateful to Jeremy
achieve percent level accuracy in WL mass mass modeling,Tinker, Brant Robertson, Masahiro Takada, and especially
the specific details of both the WL estimation method and Eduardo Rozo for their comments and suggestions during
observations will matter. We will need to include more re- this work. This work was partially supported by the by
alistic physical and observational effects in our simolasi. NASA grant NAG5-13274, by the Department of Energy
Additionally, in this work we have used dark matter only sim- grant FNAL08.07, and by Kavli Institute for Cosmological
ulations. While in principle the effects of baryonic physic Physics at the University of Chicago through grant NSF PHY-
on WL mass estimates should be small, the baryonic physic0551142 and an endowment from the Kavli Foundation. This
can affect cluster masses by a few per 2008)work made extensive use of the NASA Astrophysics Data
Much more detailed studies will be needed before we can useSystem andr Xi v. or g preprint server.
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