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Abstract. We use weak lensing shear measurements af siX0.5 clusters of galaxies to derive the mean lensing redshift of

the background galaxies used to measure the shear. Five of these clusters are compared to X-ray mass models and verify a mean
lensing redshift for a 2% R < 26.3, R— | < 0.9 background galaxy population in good agreement with photometric redshift
surveys of the HDF-S. The lensing strength of the six clusters is also analyzed as a function of the magnitude of the background
galaxies, and an increase in shear with increasing magnitude is detected at moderate significance. The change in the strength of
the shear is presumed to be caused by an increase in the mean redshift of the background galaxies with increasing magnitude,
and the degree of change detected is also in agreement with those in photometric redshift surveys of the HDF-S.

Key words. cosmology: observations — dark matter — gravitational lensing — galaxies: distances and redshifts —
galaxies: clusters: general

1. Introduction different fields lensed by varying redshift foreground objects

can be used to determine the mean redshift of the galaxy pop-

In recent years, spectroscopic surveys of faint galaxies on la{ﬂgtions. This was attempted by Smail et al. (1994) using a set
aperture telescopes have been able to measure the redShiftoqlfﬁree clusters at= 0.26, 055, and 089. Based primarily on
té'b;:t'on of tlhezgglé';\xyopbopplgtlon brighter thz_fh = dZ4h'(ff.gf the lack of lensing observed in the high redshift cluster, the data
ohen et al. ) btaining spectroscopic redshifts for, &1t in a best fit for a no evolution model where the major-
large sample of galaxies to much fainter magnitudes is MR ofthel < 25 galaxies were &< 1. It was later determined
feasible with the current generation of telescopes and specfi@e . o that the = 0.89 cluster used had a very low X—ra;/
graphs. Photometric redshifts (e.g. Fendez-Soto et al. 2001;‘uminosity (Castander et al. 1994). If the low X-ray luminosity

Bolzonella et al. 2000) have been used on deep multi-co grinterpreted as a low mass, the lack of a weak lensing signal

fields .to obt.am redshift estimates for gala_meRte 28. These by this cluster would no longer constrain the faint galaxies to
redshift estimates, however, are uncertain as the only testsoénéIt low redshift

the photometric redshifts are from the brighter spectroscopi- A weak lensing signal was detected in the high-redshift
Il d galaxies. . .
- xv?aelfls?;?/itaii)i)gle;nsin where one measures the mcluster MS 10540321, atz = 0.826, by Luppino & Kaiser
9 X 9 | - : "i}f397), which implied that a large fraction of the- 25 galax-
of a foreground object by detecting deviations from an isotropic . o
- Ies must be az > 1. With the goals of determining the mass
background galaxy ellipticity distribution, can be used to obtalir

an independent estimate of the mean redshift of a galaxy pSm_d dynamical state of X-ray selected, high-redshift clusters of

ulation. Because the strength of the lensing signal varies vvﬂﬁlaX'eS and determining the mean redshift of the faint biue

both the redshift of the background galaxies and the redshiftg%ae}laxy (FBG) population, we have undertaken a survey of Six
: . . ) . Zz> 0.5 clusters. We selected as our sample of clusters the five
the lensing object, comparing the lensing strength G&cdknt

opulations of objects both within a given field and acrose o5 Nigh-redshift clusters (MS 0085+ 1609 atz = 0.546,
pop ) g s 04516-0305 atz = 0.550, MS 10540321 atz = 0.826,
Send ghrint requests toD. Clowe, MS 11375 + 6625 atz = 0.782, and MS 2053-0449 at
e-mail- clowe@astro.uni-bonn. de z = 0.583), which were the onlg > 0.5 clusters published

* Visiting Astronomer at the W. M. Keck Observatory, jointly opfom a serendipitous X-ray survey at the time, and one from
erated by the California Institute of Technology and the University #he ROSAT North Ecliptic Pole survey (RXJ 1766- 6708 at
California. z = 0.809) which was discovered shortly after we began our

Article published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20031164



http://www.edpsciences.org/
http://www.aanda.org
http://dx.doi.org/10.1051/0004-6361:20031164

852 D. Clowe et al.: Weak lensing by high-redshift clusters of galaxies. Il.

survey (Henry et al. 1997; Gioia et al. 1999). The weak lensing 2 [ ]

analysis of the clusters have been published (Clowe et al. 1998; g r -

Clowe et al. 2000). In this paper we present the results of our ¥ - - :

attempts to measure the mean redshift of the FBG populatl“@'ocg] ?o [ — .-

from their weak lensing signal. 2 %[ - ’ = — —
In Sect. 2 we present the weak lensing techniques usefl :) I

in our analysis. Comparison of the weak lensing signal ard ot ]

X-ray mass estimates is given in Sect. 3. In Sect. 4 we preseBt x |

the results of direct comparison of the lensing signal of vaf-. [

ious galaxy populations. Section 5 contains our conclusions’ ?o i ]

Throughout this paper, unless otherwise stated, we assume an = |

Qm = 0.3, A = 0.7 universe, parameterize our results in terms

of Hp = 10ch km s*Mpc~t and give all errors asol ol é é )

2. Weak lensing

Because the gravitational potential of a cluster of galaxig- 1-Plotted above are the valuesxf, as a function of background

. . . . . alaxy redshift for four lens redshifts. The redshifts of the lenses (0.1,
bends the rajectories of light rays which pass by ft, the o .25, 0.5, and 0.8) can be determined from where becomes 0.
served galaxies behind the cluster have been deflected ayxay| !

o . le the lower redshift lenses haig?, only slowing varying over
from the cluster center. In addition, the galaxies have begh expected faint galaxy redshift distribution0(8-2), the higher

sheared in one dimension, which for a circularly symmetrigqshift lenses still havg_L, being a strong function of background

cluster is tangential to the cluster center. This shearing res\saxy redshift.

not only in a change of the ellipticity of the galaxy, as defined

by the second moments of the surface brightness, but also‘\ﬁﬁérek"k ) is the mean inside radius and the() denote the

cause the surface brightness of the galaxy is preserved, in%rage over the annulus.dfhas a small variance along the

magnification of the observed flux. ThedEeets are discussedazimuthally averaged circle

in greater detail in Clowe et al. (2000), as well as in the reviews '

by Bartelmann & Schneider (2001) and Mellier (1999). (g(r)) = (k(< 1) = &(r)) (1 + k(1)) + O ((0?)) - (5)
For a single thin lens, such as a cluster of galaxies, thﬁ

strength of the lens is expressed in the dimensionless mass {fps, at large distances from the clusterz wher& L the
face density, where strength of the reduced shear signal fikeetively linear with

Zgr}t, and a mean background galaxy lensing redghjftan be
K= z (1) defined for a sample dfl galaxies with
Zerit
N
X is the surface density of the cluster, aBgy is a scaling y-1(z,) = 1 Zz—l (). (6)
factor: crit N £ crit
-1 _ 4G DiDis (2) By comparing the shears measured fronffedent popula-

“t” ¢ Ds tions of galaxies having the same spatial distribution about the
where Ds is the angular distance to the source (backgrourigpses, one can then measure directly a ratio in the mean lens-
galaxy,D, is the angular distance to the lens (cluster), Bpd ing redshifts for the two populations.
is the angular distance from the lens to the source galaxy. The A similar equation can be calculated for the non-weak lens-
variation of -1 with the redshift of the background galaxiesng case, whew ~ 1, however in this case thefective mean
and lens redshift is shown in Fig. 1. As can be seen, for Id@&nsing redshift will be a function of the local mass surface
redshiftz < 0.3 clustersE_1 quickly rises at redshifts slightly density. Further, due to the competirfieets of deflection and
larger than the cluster, but tzy; ~ 0.8 changes very little with magnification of the background galaxies, the redshift distribu-
background galaxy redshift. For high redshift( 0.5) clusters, tion of a magnitude limited sample of the background galaxies
however, this is not the case, aligf, continues to increase with will change with increasing (e.g. Dye etal. 2001). As aresullt,
increasing background galaxy redshift throughout the regi@gcurately comparing the mean lensing redshifts of two galaxy
most background galaxies are likely to residé3(@ z,; < 4).  populations near the cores of massive clusters is much harder

What is measured from the background galaxies, howevéan at large distances from the cores, and is near impossible

is notk, but the reduced shear which is related to the gravi- without some pre-existing knowledge of the mass distribution

tational sheay by of the clusters.
y As can be seen in Eq. (4), in the weak lensing limit a sheet
9=12 (3)  of constant density across the field can be added to the cluster

%urface density withoutfiecting the measured shear. As a re-
sua[fc’ one cannot determimeor « at a given point uniguely, but
can only determine them to within an unknown additive con-
(y(r)) = k(< r) = <k(r)) (4) stant. As a result, a useful statistic to use as a mass estimate is

When measuring the shear around a circular aperture, one
the relation that
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Table 1. Summary of cluster data.

Cluster z B Ty re 2(350h™! kpc) £:(350h7* kpc)
(keV)  (hkpc) (x10“h My/Mpc?)
MS 0015.9-1609 0547 0.728002% 755072  1g12 7.8'98 0111+ 0.025
MS 0451.6-0305 053¢ 0.780:092% 106l 157+8 122°19 0.191+ 0.025
MS 1054.40321  083F 09604 105309  2g5lle 12574 0.220+ 0.034
MS 1137.5:6625 0783  070:02lc 57+l g7 6.3+28 0.156+ 0.036
MS 2053.70449 0586 8.13:;“ 0.076+ 0.023
RXJ1716.46708 0809 042099 574 43, 04 3812, 0.138+ 0.039

a: Luppino & Gioia (1995), b: Hughes & Birkinshaw (1998), c: Yee et al. (1996), d: Donahue et al. (2003), e: Tran et al. (1999), f: Neumann &
Arnaud (2000), g: Jeltema et al. (2001), h: Henry (2000), i: Gioia et al. (1999).

aperture densitometry (Fahlman et al. 1994; Clowe et al. 2000$S 0451.6-0305, for which all the values are from Chandra
observations, and MS 1054-8321, for which the temperature

Go(ra) = k(< r1) —k(rz < < fmax) is from Chandra observations.
_ zfrz dInryr) + 2 frmaxd nrim. (7) The standard model used to fit the X-ray data of the clus-
r 1-r2/r2 r ’ ters is the3-model, for which the mass enclosed in a sphere of
1 2/ max 2 di X
radiusr is

in which the mean kappa in a constant annular regifm, < )

I < I'may), IS subtracted from the profile of the cluster. This M(r) = 1.13x 10T« (keV)r (h‘lMpc) L‘?)ZMG’ (8)
statistic is also linear wit_% and can therefore be combined 1+(r/rc)

with a cluster mass measurement at a given radius from anot\n%re-rx is the X-ray temperatureg and the core radius,

set of data (X-ray measurements, velocity dispersion, etc.)4& defined by the gas densiifr) o [1 + (r/re)?]"¥*Y2, and
determine the mean lensing redshift of the background galgie cluster is assumed to be isothermal and in hydrostatic equi-
ies. However, unlesg(r; < 1 < max) can also be determined)ipriym. For comparison with weak lensing, the mass density

for the comparison mass measurement, then there will be a figrst be integrated along the line of sight to get the surface
generacy between the assum@d < 1 < Imax) and the derived mass density

mean lensing redshift.
Further, in the non-weak lensing limigy in aperture den- (1) zf"" dM(R)/dR R
r 4nR? RZ_ 2

sitometry is replaced byr, and the resulting statistic is no

drR

longer measuring(< ri) — «(ra < r < rmax). The statistic is . r2 4 o2
also no longer linear witlt;}, but can still be used to find a = 2.83x 10"8Tx(keV)——=; hMy/Mpc. 9)

best fitz,q by converting a mass profile, which must cover the (r2 + rE)2
same range inas(, to a reduced shear profile and calculatin
the resulting/, statistic to compare with the measured value.
If, however, one does have a mass profile determined from dgnsity

independent data set, one will typically get a higher signal-to-

noise measurement by fitting the observed reduced shear pié) = 5.63x 108Tx(keV)
file directly with the mass profile converted to reduced shear

profile via theX_} (z) fit parameter. In both cases, the fittingshown in Fig. 2 are the results when the ROSAT mass mod-
for the mean lensing redshift can only be done in regions wighs are compared to the weak lensifgtatistic at a radius of

a suficiently low x andy that the magnification and displace350 h-1 kpc from the cluster center. The 350* kpc radius
ment of the background galaxies do not significantly alter thgas arbitrarily chosen for the comparison as it is the largest ra-
background galaxy redshift distribution. dius for which the clusters have a good signal-to-nois& tut

a low enough expected value ofo have the systematic error

in assuming that the measured value reduced ghisarctually

the sheay be insignificant when compared to the random error
All six clusters in the study were detected serendipitously an/.. Further, 350 kpc is also roughly the maximum radius
X-ray surveys, and at the time we created the sample they wimewhich all of the clusters have measured ROSAT X-ray lu-
the only sixz > 0.5 clusters discovered in X-ray surveys. Asninosities, and thus not requiring the X-ray mass model to be
such, they have been targets of extensive studies in X-ray pasdrapolated outside of the region containing measured data.
bands and have published mass models derived from the meadn the above comparison, all of the background galaxies
sured X-ray luminosities and temperatures. In Table 1 are tivere de-magnified before applying magnitude cuts to the cata-
X-ray temperatures and spherigamodel fits taken from the log by the amountigemag= Morig — 2.5 log ((1- )% — y?) by as-
literature. The X-ray temperatures are from ASCA observsdming thak(r) = y(r) = ¢(r), and using the best it model
tions andg-model fits from ROSAT observations, except foto the measured reduced shear over alB3kpc < I < rmax

his can then be integrated over a disk to give the mean surface

1
ﬁ hMs/Mpc2. (10)

3. Comparison with X-ray data
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Fig. 2. Shown above are the best fit values for the mean lensing redshift of the background galaxy population as a fungtiontath is

the mean surface mass density in the negative annular regidn f&g. (7)), for the five clusters with complete X-ray data. The solid lines
are the best fit, and the dashed, dot-dashed, and dotted lines are the 1, 2r @edi&tions from the best fit respectively. The vertical lines,
with associated error bars, are the surface density for the annular region calculated from the bestgiXodiy. The horizontal lines, with
associated error bars, are the mean lensing redshift calculated from the HDF-S photometric redshift catalog of Fontana et al. (1999) usir
same magnitude and color cuts as in the observed data.

range to calculate(r). This is a first order correction to thehowever, one will obtain both a better signal-to-noise and avoid
magnification of the observed background galaxy populatiche systematic error of assumiggs y by fitting the reduced

and thus should make the observed population be on averalhear profile with thg-model surface mass profile. In Fig. 3 are
the same as those observed in blank fields. However, becathsebest fit values af,y when fitting the shear and mass models
the lensing strength, and thus the magnification, is a functiomer a 30th~*kpc < r < rypax range. The 30071 kpc inner ra-

of the redshift of the galaxies, the average magnification whidius was chosen to avoid the large changes to the background
we corrected for will be slightly too low for high redshift galax-galaxy redshift distribution which occurs due to the larger mag-
ies and too high for low redshift galaxies. Thus, higher redifications and displacements of the background galaxies near
shift galaxies will still be slightly magnified and lower red+the cluster core.

shift galaxies will be slightly de-magnified. This will result in For these fits, thg-model was converted fromto by the

a slight overestimation dig by this method, but from simu- fit value -1, and used to calculate the reduced shear profile

H H i i i crit’
magnitude belowthe random erors i the measurement, infi0) ~ Y()/ (LK) = (R)~<(0)/ (1-+(0). The model(r)

. L . andy(r) profiles were then used to calculate and correct for the
ture, larger data-sets, this error could be minimized by binni

n e
the data by colors into groups with similar redshifts. agerage magnification for each background galaxy as a func-

tion of distance from the cluster center. The magnitude cor-
As can be seen in Fig. 2, if tiemodel of the X-ray clusters rected catalog then had the magnitude and color cuts applied
is extrapolated to determine the meam the annular region to select the catalog used to measure the reduced shear. The
subtracted iz, the allowable value for,g is in good agree- measured reduced shear was then compared with the model us:
ment with that calculated from photometric redshifts of galaiag ay? statistic, which was minimized to find the besthgﬁt.
ies with the same magnitude and color range in the HDFI®e resultingzgr}t measurements can then be convertedaga
(Fontana et al. 1999). If one is going to extrapolate the X-rdgr each cluster. For a broad background galaxy redshift dis-
model over the region containing the measured reduced she#@ution, the resultingy,g is a function of the lensing cluster
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Fig. 4. Shown above are values for the mean shear for the background

Fig. 3. Shown above are the best fit valuesXg from comparing the fllaxies, divided into four magnitude bins (23-24, 24-25, 25-25.7,

X-ray B-models with the weak lensing shear profiles as a function g

cluster redshift. The horizontal bars intersecting the error bars indic%lped 25.7-26.3), relative to the mean shear of the brightest magnitude

how much of the error bar is due to the errors in the weak lensin 1. Only galaxies located further than 350 kpc from the cluster

. . N c%nters were used to compute the mean shear. The mean shear of the
mass measurement, with the remainder due to the uncertainties in the

. tﬁreez ~ 0.55-0.6 clusters are given by the open circles and the mean
X-ray mass measurement. The four solid curves are the vallgg, of shear of the three ~ 0.8 clusters are given by the open squares. The

L?Jrr\?scvb%;}o;?gr%":ixfﬁo"j\fsrteﬁ;cgltj of }l%rcl).rg’tr?é er]DdF-Sé T:gtgiSQﬁ ed circles and squares are the expected shear levels based on the
’ ' i P photometric redshifts of the HDF-S galaxies in the same magnitude

galaxy catalog. bins for clusters at = 0.55 andz = 0.8 respectively.

redshift due to the change in tﬁ‘éﬁt(zbg, Zg) with cluster red- & mean angular distancg ratjo fpr t\_/vo sets of galaxies, each of
shift. The results are in good agreement with the photomet¥ich has a broad redshift distribution.
redshift distribution of faint galaxies from the HDF-S. In the weak lensing limit, wherg ~ v, the shear acting
It should be noted that the mean lensing background gala§°" @ 9alaxy is a function of the lens mass, the galaxy posi-
redshift is a function of magnitude, color, size, and surfad@" the lens and galaxy redshifts, and the cosmological model.
brightness cuts placed on the background galaxy catallgi"® 9alaxy samples being compared have the same spatial
Because the images for the five clusters used in this comgdpribution about a common lens, then the ratio of the mean
ison are similar in exposure times and seeing, the weak lensf} arsis a function only of the redshift of the I(_ans, the redshift
results all use the same background galaxy redshift distributiGiStributions of the samples, and the cosmological model. If the
In general, however, this will not be the case and the mean leftagnification of the background galaxies is corrected for, the
ing redshifts as a function of cluster redshift shown in Fig. 32/axy samples aroundftitrent lenses of similar redshift can
will not be the mean lensing redshifts of the observations. Faf coadded to improve the signal-to-noise of the mean shear
each observation, the mean lensing redshift would need to'BE%: _
computed from a redshift catalog by applying the same cuts as In Fig. 4 we show the relative strength of the mean shear

are used to select the background galaxies. signal for the threez ~ 0.8 clusters and the three ~
0.55 clusters in four magnitude bins. For both sets of clus-
ters, the strength of the shear signal increases with increas-
4. Changes in shear strength with magnitude ing m_agn_itude, with significances, calculated from Student’s
t-distribution, of 964%, 72.4%, and 960% for thez ~ 0.5 clus-
As was discussed in Sect. 2, for a high-redshift lens, thers,z ~ 0.8 clusters, and both sets combined respectively. This
strength of the shear acting on a background galaxy greatly deeonsistent with the mean redshift of the background galaxies
pends on the angular distance of the background galaxy. As thereasing with magnitude. Also shown in Fig. 4 are the shears
ellipticity induced in the galaxy by the weak lensing shear ighich would be measured from the Fontana HDF-S photomet-
smaller than the typical intrinsic ellipticity of the galaxy, onic redshifts when using the same magnitude bins.
cannot use this to determine angular distances of individual Due to Egr}t increasing more rapidly for higher redshift
galaxies. One can, however, use this to measure the relative tisses, one should, in theory, be able to use multiple lenses
tances of two galaxy samples provided each sample has enoaigtiiferent redshifts to obtain estimates for the redshift distri-
galaxies to reduce the mean intrinsic ellipticity of the samphaition of the background galaxies. This can be seen in Fig. 4
well below the expected shear level. Ideally one would choosewhich the diference in the lensing strength predicted by
the samples in some manner, such as by using photometric thé- HDF-S photometric redshift catalogs for the- 0.8 and
shifts, which would allow the galaxies inside each sample o~ 0.55 lenses continues to increase with increasing magni-
be at a similar distance. It is, however, still possible to measuuele of the background galaxies. Thigfdrence, however, is
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too small to measure with this data set. We estimate that tmat of Hoekstra et al. (2000), who compared the relative lens-
would need a data set ten times as large (60 clusters) with theg strength of galaxies in an HST mosaic of MS 10540321.
same quality of data in order to successfully apply any of tfiéne level of noise in our comparison, however, is too great to
techniques (e.g. Bartelmann & Narayan 1995) to measure #teempt to obtain a meaningful mean lensing redshift as a func-
background galaxy redshift distribution. tion of magnitude for the background galaxies.

5. Discussion and conclusions AcknowledgementsiVe thank Gillian Wilson, Lev Kffman, Len
Cowie, Dave Sanders, John Learned, and Peter Schneider for their

We have shown that a comparison of weak lensing shear pielp and advice. We also wish to thank Megan Donahue, Isabella

files and X-ray3-models result in best-fit valuesﬁl‘r}t ingood Gioia, and J. Patrick Henry for sharing their X-ray data with us.

agreement with the photometric redshift distribution (Fontarfdis work was supported by NSF Grants AST-9529274 and AST-

et al. 1999) of the faint galaxies in the HDF-S. This is true fdt00515, Nasa Grant NAG5-2594, ASI-CNR, and the Deutsche

both a model-independent derivation of the weak lensing mag¥schungsgemeinschaft under the project SCHNB342

at a given radius and for directly fitting the weak lensing mass

with the X-rayB-model. For both comparison methods, assum-

ing the mean lensing redshift of the HDF-S would result in th&eferences

weak lensing mass measurements being higher than the X-ray
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