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Expected halo shape in ΛCDM

http://www.mpa-garching.mpg.de/galform/millennium/

• Cuspy 
   NFW radial profile

• Concentration
   more massive halos 
   less concentrated

• Triaxial
   highly non-spherical
   with axis ratio ~1:2

http://www.mpa-garching.mpg.de/galform/millennium/


Strong+weak lensing with SGAS
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Figure 11. The two-dimensional weak lensing shear maps obtained from stacking analysis of 25 clusters. The sticks shows observed
directions and strengths of weak lensing shear distortion. Colour contours are the surface density map reconstructed from the shear map
using the standard inversion technique (Kaiser & Squires 1993). Both the shear and density maps are smoothed for illustrative purpose.
Left: The result when the position angle of each cluster is aligned to the North-South axis before stacking, by using the position angle
measured in strong lens modelling. The resulting stacked density distribution is clearly elongated along the North-South direction. Right:

The result without any alignment of the position angle when stacking. The resulting density distribution is nearly circular symmetric in
this case.

we fix the mass centre to the assumed centre (the position
of the brightest galaxy in strong lensing region), because
strong lensing available for our cluster sample allows a reli-
able identification of the mass centre for each cluster. Thus
we fit the 2D shear map with four parameters (Mvir, cvir, e,
θe), employing a Markov Chain Monte Carlo technique.

In Figure 12, we show the posterior likelihood distribu-
tion of the mean ellipticity ⟨e⟩ from the 2D stacking analysis
of all the 25 clusters. When the position angles are aligned,
the resulting density distribution is indeed quite elliptical
with the mean ellipticity of ⟨e⟩ = 0.47 ± 0.06. We find that
the elliptical NFW model improve fitting by ∆χ2 = 26.9
compared with the case e = 0, which indicates that the
detection of the elliptical mass distribution is significant
at the 5σ level. The measured mean ellipticity is consis-
tent with the average ellipticity from strong lens modelling
⟨e⟩ = 0.38 ± 0.24, although the latter involves large scat-
ter. The best-fit position angle of θe = 9.1+3.9

−4.1 deg slightly
deviates from the expected position angle of θe = 0, but
they are consistent with each other within 2σ (∆χ2 < 4). In
contrast, if the position angles are not aligned in stacking
shear signals, the resulting constraint on the mean elliptic-
ity is ⟨e⟩ < 0.19, i.e., it is fully consistent with the circular
symmetric mass distribution e = 0 within 1σ.

We compare this result with the theoretical prediction
in the ΛCDM model. For this purpose we employ a triaxial
model of Jing & Suto (2002). Assuming that the halo orien-
tation is random, we compute the probability distribution
of the ellipticity by projecting the triaxial halo along arbi-
trary directions (Oguri et al. 2003; Oguri & Keeton 2004).
In this analysis we fix the mass and redshift of the halo to
Mvir = 4.6 × 1014h−1M⊙ and z = 0.469, which are mean

Table 6. Summary of the two-dimensional stacking analysis

Sample ⟨e⟩ ⟨θe⟩
(deg)

all 0.47+0.06
−0.06 9.1+3.9

−4.1

θE-1 0.29+0.13
−0.18 14.1+13.9

−18.8

θE-2 0.70+0.05
−0.09 13.0+4.4

−4.3

θE-3 0.52+0.10
−0.14 6.7+12.2

−9.2

Mvir-1 0.58+0.04
−0.09 5.2+4.4

−4.5

Mvir-2 0.28+0.12
−0.14 9.7+11.3

−17.6

Mvir-3 0.60+0.09
−0.11 16.7+7.0

−8.7

mass and redshift of the 25 clusters. We find that the mean
ellipticity predicted by this model is ⟨e⟩ = 0.44, in excellent
agreement with the measured ellipticity. The analysis pre-
sented in Appendix A indicates that the effect of the lensing
bias on the mean ellipticity is small, with a possible shift of
the mean ellipticity of ! 0.05 at most, and hence it does not
affect our conclusion. Our result is also in good agreement
with the previous lensing measurement of the ellipticity by
Oguri et al. (2010) in which 2D shear maps of individual
clusters are fitted with the elliptical NFW profile, rather
than examining the stacked shear map.

We check the sensitivity of our ellipticity result on the
size of the fitting region, as one possible concern is that
infalling matter associated with the filamentary structure
outside clusters might boost the mean ellipticity. Figure 13
shows how the constraint on the mean ellipticity changes by
making the size of the fitting region smaller from our fiducial
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• Subaru/S-cam weak lensing analysis of 28 strong     
   lensing clusters from Sloan Giant Arcs Survey 
     [also talks by Keren Sharon, Matt Bayliss, Mike Gladders]

• stacked radial profile
   consistent with NFW
(also Umetsu+11, Newman+13, Okabe+13)

• stacked 2D shape
 〈e〉= 0.47±0.06
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Figure 5. The mass-concentration relation obtained from com-
bined strong and weak lensing analysis. Filled triangles show our
results presented in this paper, whereas filled squares show re-
sults from literature; A1689, A370, CL0024, RXJ1347 (Umetsu
et al. 2011b), and A383 (Zitrin et al. 2011b). The black shaded
region indicates the predicted concentration parameters as a func-
tion of the halo mass with the lensing bias taken into account
(see Appendix A for details). The solid line is the best-fit mass-
concentration relation from fitting of our cluster sample (i.e., filled
triangles), with the 1σ range indicated by dotted lines.

Allen 2007; Buote et al. 2007; Ettori et al. 2010) analysis.
Our result suggests that the observed mass-concentration
relation is in reasonable agreement with the simulation re-
sults for very massive haloes of Mvir ∼ 1015h−1M⊙. The
agreement may be even better if we adopt recent results
of N-body simulations by Prada et al. (2011), who argued
that previous simulation work underestimated the mean
concentrations at high mass end (see also Appendix A).
In contrast, we find that observed concentrations are much
higher than theoretical expectations for less massive haloes
of Mvir ∼ 1014h−1M⊙, even if we take account of the mass
dependence of the lensing bias.

There are a few possible explanations for the excess
concentration for small mass clusters. Perhaps the most sig-
nificant effect is baryon cooling. The formation of the central
galaxy, and the accompanying adiabatic contraction of dark
matter distribution, enhances the core density of the clus-
ter and increases the concentration parameter value for the
total mass distribution. This effect is expected to be mass
dependent such that lower mass haloes are affected more
pronouncedly, simply because the fraction of the mass of
the central galaxy to the total mass is larger for smaller
halo masses. Indeed, simulations with radiative cooling and
star formation indicate that the concentration can be signifi-
cantly enhanced by baryon physics particularly for low-mass
haloes (e.g., Rudd, Zentner, & Kravtsov 2008; Mead et al.
2010). Thus baryon cooling appears to be able to explain
the observed strong mass dependence at least qualitatively,
although more quantitative estimates of this effect need to
be made using a large sample of simulated clusters with the
baryon physics included.

5 STACKING ANALYSIS

5.1 Stacked tangential shear profile

We can study the average properties of a given sample by
stacking lensing signals. This stacked lensing analysis has
been successful for constraining mean dark matter distri-
butions of cluster samples (e.g., Mandelbaum et al. 2006b;
Johnston et al. 2007; Leauthaud et al. 2010; Okabe et al.
2010). Here we conduct stacking analysis of the tangential
shear profile for our lensing sample for studying the mass-
concentration relation from another viewpoint. Note that
the off-centreing effect, which has been known to be one
of the most significant systematic errors in stacked lensing
analysis (e.g., Johnston et al. 2007; Mandelbaum, Seljak, &
Hirata 2008; Oguri & Takada 2011), should be negligible for
our analysis, because of the detection of weak lensing signals
for individual clusters and the presence of giant arcs which
assure that selected centres (positions of the brightest galax-
ies in the strong lensing region) indeed correspond to that
of the mass distribution.

We perform stacking in the physical length scale. Specif-
ically, we compute the differential surface density ∆Σ+(r)
which is define by

∆Σ+(r) ≡ Σcrg+(θ = r/Dol), (27)

where Σcr is the critical surface mass density for lens-
ing. We stack ∆Σ+(r) for different clusters to obtain the
average differential surface density. We do not include
SDSSJ1226+2149 and SDSSJ1226+2152 in our stacking
analysis, because these fields clearly have complicated mass
distributions with two strong lensing cores separated by only
∼ 3′. Furthermore, we exclude SDSSJ1110+6459 as well be-
cause the two-dimensional weak lensing map suggests the
presence of a very complicated mass distribution around the
system. We use the remaining 25 clusters for our stacked
lensing analysis.

It should be noted that the reduced shear g+ has a non-
linear dependence on the mass profile. In fact, the reduced
shear is defined by g+ ≡ γ+/(1 − κ), where γ+ and κ are
tangential shear and convergence. Thus, the quantity defined
by equation (27) still depends slightly on the source redshift
via the factor 1/(1 − κ), particularly near the halo centre.
Thus, in comparison with the NFW predictions, we assume
the source redshift of zs = 1.1, which is the typical effective
source redshift for our weak lensing analysis (see Table 3).
Also the non-linear dependence makes it somewhat difficult
to interpret the average profile, and hence our stacked tan-
gential profile measurement near the centre should be taken
with caution.

It is known that the matter fluctuations along the line-
of-sight contributes to the total error budget (e.g., Hoek-
stra 2003; Hoekstra et al. 2011; Dodelson 2004; Gruen et
al. 2011). While we have ignored this effect for the anal-
ysis of individual clusters presented in Section 4, here we
take into account the error from the large scale structure in
fitting the stacked tangential shear profile by including the
full covariance between different radial bins (see Oguri &
Takada 2011; Umetsu et al. 2011b, for the calculation of the
covariance matrix). We, however, comment that the error of
the large scale structure is subdominant in our analysis, be-
cause of the relatively small number density of background
galaxies after the colour cut (see also Oguri et al. 2010).

c⃝ RAS, MNRAS 000, 1–21

ΛCDM prediction
w/ triaxiality and

   lensing bias  

• consistent with ΛCDM for high-mass clusters

• excess at low-mass due to baryon cooling and 
   central galaxy (e.g., Fedeli 2012)

Oguri, Bayliss, Dahle, et al. MNRAS 420(2012)3213

our sample
from literature
(Umetsu+11; Zitrin+11)

[also talks/papers 
 by CLASH team]

selection effect



Measured halo shape

• shape of cluster-scale halos measured with 
   gravitational lensing on average agrees very
   well with ΛCDM model prediction 

• however, sometimes the structure of clusters
   is much more complicated than this simple
   picture



SDSS J1029+2623 (“the Hidden Fortress”)

• largest-separation (θ=22.5″) lensed quasar 
   among ~150 lensed quasars known
   (Inada+2006; Oguri+2008)

• rare example of three images “naked cusp” 
   configuration, which has been predicted to 
   be common among large-separation lenses  
   (Oguri & Keeton 2004)



Image separations of quasar lenses

SDSS J1004+4112
(Inada, Oguri et al. 2003)

SDSS J2222+2745
(Dahle et al. 2013)

SDSS J1029+2623
(Inada, Oguri et al. 2006)
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modeling with glafic
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Figure 1.1: Example of lens equation solving for point sources. I use square grids (thin black
lines) that are adaptively refined near critical curves to derive image positions for a given
source. Upper panels show image planes, and lower panels are corresponding source planes.
Critical curves and caustics are drawn by blue lines. Positions of sources and images are
indicated by red triangles. Left panels show an example from a simple mass model that
consist of NFW and SIE profiles. A source near the center is producing 7 lensed images. In
right panels, I add small galaxies to the primary NFW lens potential. This time 5 lensed
images are produced.

im
age plane (θ

i )
source plane (β
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• public software for lensing
   analysis

• adaptive grid for efficient
   lens equation solving

• efficient mass modeling 
   for observed strong lens 
   systems 

• feel free to contact me
   if you are interested!

http://www.slac.stanford.edu/~oguri/glafic/

http://www.slac.stanford.edu
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Figure 6. Similar to Figure 4, but the surface mass density pro-
file from the weak lensing analysis of the HST ACS/F814W image
(blue) as compared to the Chandra X-ray surface brightness pro-
file (red). The mass map is Gaussian-smoothed with σ = 8′′.

Figure 7. Constraints on the virial mass Mvir and the concentra-
tion parameter cvir from the HST strong lensing analysis, HST
weak lensing, and Subaru weak lensing. For each constraint, we
show 1σ and 2σ ranges in this parameter space. The innermost
contours show the combined constraints.

redshift of zs = 2.197. For the HST and Subaru weak
lensing data, we use the tangential shear profiles as con-
straints. We use these data to constrain the virial mass
Mvir and the concentration parameter cvir, assuming the
NFW profile. The fit was performed for the mass range of
1013h−1M⊙ < Mvir < 1016h−1M⊙ and the concentration
parameter range of 0.01 < cvir < 39.8.

Figure 8. The tangential shear profile of the best-fit NFW model
(solid line) as compared to the HST (filled squares) and Sub-
aru (open circles) shear profiles and the reduced tangential shear
predicted by the best-fit strong lens model (filled triangles) for
zs = 1.1. The best-fit shear profile is computed for zs = 1.1,
which is close to the effective source redshifts of zs = 1.06 and
1.19 for the HST and Subaru weak lensing data. The shaded re-
gion indicates the 1σ range. The lower panel shows the radial
profile of the 45◦ rotated component.

We show constraints in the Mvir-cvir plane in Figure 7.
The individual constraints are quite degenerate in this plane,
but along slightly different directions so that we obtain a
tighter constraint when combining the three constraints. We
find Mvir = 1.55+0.40

−0.35 × 1014h−1M⊙ and cvir = 25.7+14.1
−7.5

from the combined analysis. The large concentration pa-
rameter value for the virial mass of ∼ 1014h−1M⊙ is in line
with a recent study the Mvir-cvir relation for strong lensing
clusters (Oguri et al. 2012), which can be explained by the
effect of baryon cooling and central galaxies (Fedeli 2012).
However, the high concentration for this cluster should be
interpreted cautiously given the complex core structure with
two density peaks. We compare the tangential shear profiles
with the best-fit model prediction in Figure 8. The Figure
clearly indicates that the three observational constraints are
complementary with each other, and that they are consis-
tent with each other where the data overlap. The best-fit
NFW profile reproduces the observations for a wide range
in radii.

Here we discuss several systematic effects that can po-
tentially affect our results. One is the redshift distribution
of source galaxies for weak lensing analysis. Since the area
of the field used for our weak lensing analysis is small, the
redshift distribution in this field can be different from that
of random line-of-sights. Another effect is a multiplicative
shear measurement bias which is estimated to be ! 5% for
our Subaru weak lensing measurements. Also the HST weak
lensing measurement probes the region g " 0.1, where weak
lensing measurements are less tested and therefore less reli-
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with a recent study the Mvir-cvir relation for strong lensing
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However, the high concentration for this cluster should be
interpreted cautiously given the complex core structure with
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with the best-fit model prediction in Figure 8. The Figure
clearly indicates that the three observational constraints are
complementary with each other, and that they are consis-
tent with each other where the data overlap. The best-fit
NFW profile reproduces the observations for a wide range
in radii.

Here we discuss several systematic effects that can po-
tentially affect our results. One is the redshift distribution
of source galaxies for weak lensing analysis. Since the area
of the field used for our weak lensing analysis is small, the
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of random line-of-sights. Another effect is a multiplicative
shear measurement bias which is estimated to be ! 5% for
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• accurate and robust mass profile from three lensing 
   observations, revealing its steep profile (cvir~20)

Oguri, Schrabback, Jullo, et al. MNRAS 429(2013)482

[zcl= 0.58]
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Figure 9. The enclosed mass within a sphere of radius r from the
Chandra X-ray analysis and from the combined lensing analysis
(solid line; see Section 5.1), assuming a spherically symmetric
mass distribution. For the Chandra X-ray analysis, we show the
results for the isothermal β-model from Ota et al. (2012, open
circle) and a β-model with the temperature profile of Burns et al.
(2010, open squares). The errors in the X-ray masses come from
the statistical errors in the X-ray temperature measurement. For
reference, we also show the cluster radii rvir, r500, and r2500,
which are computed from the best-fit lensing mass profile, as well
as the Einstein radius rE.

able. To estimate a possible impact of these systematic er-
rors, we consider an extreme situation where both the HST
and Subaru weak lensing measurements are offset by ±10%,
and find the resulting shifts of the best-fit virial mass to
∼ ±0.3 × 1014h−1M⊙. The systematic error for this case is
still comparable to the 1σ statistical error, implying that
these systematic errors are not significant.

5.2 Comparison with X-ray mass

Ota et al. (2012) presented the Chandra X-ray analysis of
SDSS J1029+2623, and derived a mass profile assuming hy-
drostatic equilibrium and isothermality. Figure 9 compares
the X-ray mass profile from Ota et al. (2012) with the result
of the combined lensing analysis in Section 5.1. We find that
the mass profiles derived from lensing and X-ray differ sig-
nificantly with each other. While the enclosed masses agree
at the radius of ∼ 100h−1kpc that roughly corresponds to
the Einstein radius of this system, the enclosed masses in-
ferred from the X-ray data are a factor of ∼ 2 larger than
those inferred from the combined lensing analysis at radii
r ! r2500, where r2500 is defined by the radius within which
the average density is 2500 times the critical density at the
cluster redshift. We note that the lensing derived mass im-
plies the X-ray temperature of T ∼ 2 − 3 keV and X-ray
luminosities of LX ∼ 1044 erg s−1 expected from X-ray scal-
ing relations (e.g., Dai, Kochanek, & Morgan 2007), which
are significantly lower than observed X-ray temperature of
T ∼ 8.1 keV and LX ∼ 1045 erg s−1 (Ota et al. 2012). Also it
is worth noting that recent systematic weak lensing analysis

for clusters at z " 1 found somewhat smaller weak lensing
masses for a given X-ray temperature (Jee et al. 2011), which
is qualitatively similar to our result, although the difference
appears to be much smaller than found in this paper.

There are several effects that can lead to a systematic
difference between the X-ray and lensing masses. One of the
most significant effects for X-ray cluster mass measurements
is any violation of the assumption of hydrostatic equilibrium
due the presence of non-thermal pressure support. However,
this effect typically leads to an underestimate of the X-ray
mass, particularly in the outskirts of clusters (e.g., Mah-
davi et al. 2008; Zhang et al. 2010), and would only make
the discrepancy larger. Another possibility is our assump-
tion of isothermality. In fact, X-ray temperatures generally
decrease at large radii, but our Chandra data were not sen-
sitive enough to detect such a decrease. To examine this
effect, we adopt a temperature profile obtained from hydro-
dynamic simulations (Burns et al. 2010), which appears to
be consistent with recent X-ray observations of cluster out-
skirts (e.g., Akamatsu et al. 2011), and recalculate the X-ray
mass profile. While this reduces the difference at the center,
it cannot explain the overall difference between the X-ray
and lensing masses. It is also difficult to explain the differ-
ence by a triaxial halo, because the large cvir implies that the
major-axis of the cluster is more likely to be aligned with
the line-of-sight direction, in which case the lensing mass
should be overestimated (Oguri et al. 2005).

The most likely explanation for the mass discrepancy
is shock heating of the intracluster gas during a merger.
Numerical simulations show significant boosts of X-ray lu-
minosity and temperature ∼ 1 Gyr after mergers, which can
lead to significant overestimates of X-ray masses (e.g., Ricker
& Sarazin 2001; Takizawa, Nagino, & Matsushita 2010; Ra-
sia et al. 2011; Nelson et al. 2012). Observationally, there are
several clusters showing signs of ongoing mergers that also
have significantly higher X-ray masses then lensing masses
(e.g., Okabe & Umetsu 2008; Okabe et al. 2011; Soucail
2012). Indeed the lensing cluster of SDSS J0129+2623 shows
hints of an ongoing merger, including the bimodal nature of
cluster cores, the complex X-ray morphology, a possible off-
set between mass and X-ray centroids, and the large G1-G2
velocity difference. In addition, a line-of-sight merger can
naturally explain the high concentration parameter value
for this cluster (e.g., King & Corless 2007). Spectroscopy of
many more cluster member galaxies are needed to under-
stand this complex cluster further. If this interpretation is
correct, the agreement between X-ray and lensing masses
near the Einstein radius might just be a coincidence, in that
both the masses are overestimated by merger shock heating
and the halo elongation along the line-of-sight, respectively.

5.3 Gas-to-mass ratio

Another useful cross-check of our interpretation is provided
by the gas-to-mass ratio, fgas(< r) = Mgas(< r)/Mtot(< r),
because it is expected to roughly match the cosmic baryon
fraction Ωb/ΩM ≃ 0.167 (Komatsu et al. 2011) for mas-
sive clusters, and also because Mgas appears to be the most
promising cluster mass proxy (Okabe et al. 2010; Fabjan
et al. 2011). We use the gas mass profile implied by the
isothermal β-model from Ota et al. (2012) to estimate a
gas mass within the radius r500 = 0.49h−1Mpc from the

c⃝ RAS, MNRAS 000, 1–12

• Compare with 
   X-ray mass from
   Chandra

• MX/Mlens~2-3

• hard to explain
   by non-thermal
   pressure, halo
   triaxiality, ...

Oguri, Schrabback, Jullo, et al. MNRAS 429(2013)482
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Fig. 3.— Top: The time evolution of the mass bias (top) for three clusters, CL10, CL104, and CL6 at three radii r2500 (red, dotted), r500
(black, solid), and r200 (blue, dashed). Bottom: The mass accretion history of the three clusters at r500, normalized by M500 at z = 0.
The vertical gray line marks the beginning of the latest major merger for each of the clusters. The red ticks mark the epochs in CL10
corresponding to the panels in Figures 1 and 2.

necessarily biased to a small number of early forming ob-
jects. We plot the evolution of the mass bias to 9.25 Gyr
following the last merger at which point fewer than three
clusters contribute to the average.
The qualitative features for the individual clusters pre-

sented in Figure 3 are also apparent in the sample-
averaged evolution in Figure 4. Immediately preceding
the merger, the hydrostatic mass underestimates the true
mass by ⇥ 10% at all radii. This bias grows to nearly
30% in the outskirts shortly after the merger begins. Fol-
lowing the peaks associated with the merger shocks, the
hydrostatic mass bias decreases over the subsequent 8
Gyr from �15–20% to 3%, 10% and 18% within r2500,
r500 and r200, respectively.
The peaks caused by the propagating merger shocks

have smaller amplitude and are broader than the indi-
vidual cluster histories seen in Figure 3. Therefore, the
mean mass bias remains negative at all tmerger. This is
caused by a variety of factors, including di�erences in
the merger mass ratio and the orbital impact parameter,
which changes the time o�set between the peak and the
start of the merger. Since the peaks are narrow in time
(typically less than 0.5 Gyr), and we are primarily con-
cerned with the average evolution after the merger, we
make no attempt to reduce this broadening.
We also examined how the mass bias depended on var-

ious parameters, such as merger ratio, final cluster mass
and redshift. We found little dependence on present mass
of the cluster, with the larger clusters experiencing a
slightly greater peak in the mass bias immediately fol-
lowing merger.

4. INFLUENCE OF NON-THERMAL PRESSURE ON THE
HYDROSTATIC MASS BIAS

Figures 3 and 4 demonstrate that the magnitude of
the mass bias decreases steadily following a merger, yet

Fig. 4.— Averaged mass bias as a function of time elapsed since
last merger (in Gyrs) for the sixteen clusters. A more detailed
discussion of this figure is located in §3.1. The biases are plotted
at radii r2500 (red, dotted), r500 (black, solid), and r200 (blue,
dashed). The error bars show the 1� error on the mean at r500.

never fully disappears. If, as has been previously sug-
gested (Lau et al. 2009; Nagai et al. 2007b; Rasia et al.
2004), residual motions in the ICM account for this bias,
the non-thermal component of pressure due to these mo-
tions should see a similar evolution to the hydrostatic
mass bias. We now investigate the evolution of this non-
thermal component in more detail.
The top panels of Figure 5 show the evolving contribu-

tion of random motions to the total ICM pressure (left
panel) and pressure gradient (right panel) averaged over
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lowing the peaks associated with the merger shocks, the
hydrostatic mass bias decreases over the subsequent 8
Gyr from �15–20% to 3%, 10% and 18% within r2500,
r500 and r200, respectively.
The peaks caused by the propagating merger shocks

have smaller amplitude and are broader than the indi-
vidual cluster histories seen in Figure 3. Therefore, the
mean mass bias remains negative at all tmerger. This is
caused by a variety of factors, including di�erences in
the merger mass ratio and the orbital impact parameter,
which changes the time o�set between the peak and the
start of the merger. Since the peaks are narrow in time
(typically less than 0.5 Gyr), and we are primarily con-
cerned with the average evolution after the merger, we
make no attempt to reduce this broadening.
We also examined how the mass bias depended on var-

ious parameters, such as merger ratio, final cluster mass
and redshift. We found little dependence on present mass
of the cluster, with the larger clusters experiencing a
slightly greater peak in the mass bias immediately fol-
lowing merger.

4. INFLUENCE OF NON-THERMAL PRESSURE ON THE
HYDROSTATIC MASS BIAS

Figures 3 and 4 demonstrate that the magnitude of
the mass bias decreases steadily following a merger, yet

Fig. 4.— Averaged mass bias as a function of time elapsed since
last merger (in Gyrs) for the sixteen clusters. A more detailed
discussion of this figure is located in §3.1. The biases are plotted
at radii r2500 (red, dotted), r500 (black, solid), and r200 (blue,
dashed). The error bars show the 1� error on the mean at r500.

never fully disappears. If, as has been previously sug-
gested (Lau et al. 2009; Nagai et al. 2007b; Rasia et al.
2004), residual motions in the ICM account for this bias,
the non-thermal component of pressure due to these mo-
tions should see a similar evolution to the hydrostatic
mass bias. We now investigate the evolution of this non-
thermal component in more detail.
The top panels of Figure 5 show the evolving contribu-

tion of random motions to the total ICM pressure (left
panel) and pressure gradient (right panel) averaged over

boost of X-ray signals 
~1Gyr after merger

Simulation by 
Nelson et al. (2012)

• merger can enhance 
   X-ray temperature and luminosity,  as a 
   result X-ray derived mass is biased high

• line-of-sight merger can also explain the 
   high cvir (King & Corless 2007)



Summary
• average dark matter distribution in a large 
   sample of galaxy clusters measured with  
   gravitational lensing is in excellent agreement 
   with ΛCDM prediction

• on the other hand, sometimes the structure
   of clusters is highly complicated, showing a 
   huge (a factor of 2-3) discrepancy between 
   X-ray and lensing mass measurements, 
   presumably caused by merger

• understanding these peculiar “outliers” will 
   be important for cosmology


