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[1] Observing dynamical friction in galaxy clusters
AdhiRari, Dalal & Clampitt, arXiv:1605:06688, JCAP 07, 022 (2016)
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FIG. 1. In both panels, the different curves show the logarithmic slope of the number density profile dlogn/dlogr as a function
of radius r within cluster-sized halos of virial mass Mpest = 1 — 4 x 10"*h™' Mg from the MDPL2 simulation, for various
populations within the host halos. The dashed line corresponds to all dark matter particles, while the solid lines show subhalos
of different mass, as denoted in the legend. The splashback radius occurs at the location of the steepening feature in these
profiles. Subhalos with less than 1% of the host mass have similar splashback radii as the full set of DM particles, while more
massive subhalos have smaller splashback radii, consistent with the effects of dynamical friction. The left panel shows host

halos with c¢yir < 4, while the right panel shows host halos with c¢yir > 6, illustrating the significant dependence of dynamical
friction effects on host concentrations. Subhalo masses are expressed in units of A~ Mg.
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FIG. 2. Shift in the location of splashback due to dynamical friction in subhalos with Mg, > 0.01Miyes in bins of different
accretion rate I' = dlog Myoesi/dlog a (left vs. right) and for bins of different host mass Muost (top vs. bottom). Halo masses
are expressed in units of h='Mg. The vertical lines show the prediction from the toy model Eqn. (2). The blue vertical line
shows the predicted location in a model without dynamical friction [7], which agrees well with the splashback radius rg, for
low mass subhalos where dynamical friction is unimportant. The green vertical line shows the predicted position of splashback

from the collapse model with dynamical friction where A\ = 1.4, evaluated at the mean subhalo mass of the sample with
Mgup > 0.01 Mpost -
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(Left) Observations of splashback in clusters from the redMaPPer catalog of galaxy clusters with 0.15 < z. < 0.33
and 10 < A < 20. Plotted is the logarithmic slope of the projected number density of galaxies as a function of cluster-centric
radius. (Right) Corresponding profiles for subhalos in host halos with Magom = 3 — 9 x 10**h™ 1M at z = 0.25 from the
MDPL2 simulation. This host mass range was chosen to match the richness range from the left panel. Both panels show the

slope of the projected density, not the 3D space density, in contrast to the previous figures.

[2] The halo boundary of galaxy clusters in the SDSS
Baxter, Chang, Jain et al. arXiv:1702.01722
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Figure 1. The measured galaxy profile £, around REDMAPPER clusters in SDSS and the corresponding best-fitting models. The top
panels show X, measurements and model fits, the middle panels show the logarithmic derivative of the 3, models, and the bottom panels
show the ratio of the ¥4 data points to the model. The left panels shows the model fits with no steepening function (i.e. firans = 1),
while the right panels show the fits with additional steepening beyond an Einasto profile (i.e. firans is allowed to vary). The red curves
in the upper panels show contribution to the projected galaxy density from the collapsed component (pS°™'(r) = p®i®(r) forans(r)). The
green curve in the right panel shows the contribution from the Einasto term of the model (p®"(r)). The grey curves are the total profile
without miscentering, while the dashed black curves are the profiles with miscentering. Comparing the left and the right panels reveals
that a model with large miscentering and firans = 1 can produce very similar total profile as a model with small miscentering and firans

free.



Table 1. Results of model comparison with various modeling and data choices. RM indicates the REDMAPPER catalog, Y07 indicates the
catalog of Y07. Ax2 and In(O21) values indicate the results of the model comparison between the firans = 1 and firans = free models,

and are computed as described in §3.5.

Model Catalog Priors Scales Fit [h='Mpc] Ax? In(O21)
A: no miscentering RM fmis = 0.0, 7 =10.0 01 <R<80 139 69
B: fixed miscentering RM fmis =02, 7 =04 0.1<R<80 73.3 36
C: miscentering with fiducial prior RM fmis =0.2+0.07, 7=0.4+0.1 0.1<R<80 5.2 8.9
D: miscentering with wider prior RM fmis =0.2+£0.14, 7 =04 +£0.2 0.1<R<80 2.6 3.2
E: excluding small scales RM fmis =0.2+0.07, 7=0.4+0.1 03<R<80 0.8 0.6
F: NFW profile RM Sfmis =0.2+£0.07, 7=0.4+£0.1 0.1 < R< 8.0 42.8 31

G: miscentering with wide priors,

tighter prior on o Yo7

fmis = 0.240.14, 7 = 0.4+0.2
log o = log(0.2) £ 0.1

0.1<R<80 14.1 7.8

Table 2. Best-fit model parameters with firans free (number preceding semicolon in each column) and firans = 1 (number following
semicolon) and under different modeling assumptions. Modeling choices are described in Table 1. We have excluded some parameters in
this table for clarity. The remaining parameters are given in Table Al.

Model Catalog rs[h~'Mpc] r¢[h~'Mpc] a B vy Smis T R3P[h~Mpd]
A RM 085;036  1.25; —  0.10;042 383;— 626;— 0.0;0.0 L 1.2340.05
B RM 0.32; 0.29 1.31; — 0.16 ;041 3.71;— 642;— 0.22;022 0.32;0.32 1.16 £ 0.05
¢ RM 0.27 ; 0.20 1.38; 0.17; 0.41 3.98; 6.73 ; 0.22;047 0.34;040  1.18+0.08
D RM 0.24; 0.19 142 ; — 0.19;044 411;— 6.82;— 0.25;0.51 0.34;041 1.17+£0.09
E RM 0.35 ; 0.44 1.34 ; — 0.23;093 3.66;— 6.45;— 0.20;0.22 0.42;0.43 1.15£0.07
F RM 0.79 ; 0.10 1.23; —  154;074 365; — 6.23;  021;050 045;033  1.2240.17
G Y07 0.35 ; 0.28 1.30; —  021;038 375;  620; — 0.51;048 0.16;020  1.16+0.08
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Figure 2. Posteriors on the galaxy profile parameters recovered
from the MCMC analysis of the galaxy profile measurements.
Black curves show results of analysis that allows the parameters
in the firans term of Eq. 4 to be free, while red curve shows results
when firans = 1. Both analyses use the Model C miscentering
priors from Table 1.
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Figure 3. Constraints on the 3D logarithmic derivative of the
collapsed component (pgon(r)) and total galaxy density (pg(r))
from our model fits to the measured galaxy density profile around
REDMAPPER clusters. The best fit value of the splashback radius,
Rng, is shown as the vertical line. The data prefer a profile which
exhibits a steepening to slopes significantly steeper than —3 over
a narrow range in radius. This finding can be interpreted as evi-
dence for truncation of the halo profile consistent with that seen
in simulations by DK14.
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Figure B1l. Measurement of the splashback feature using the
Y07 group catalog. The top panel shows the projected galaxy
density profile ¥4 overlaid with models with firans free (red solid)
and firans = 1 (green dashed). The middle panel shows the log-
derivative of ¥£4. We note that the two model fits are nearly iden-
tical in both panels. We also overlay in grey the same measure-
ments shown in Fig. 1, which is based on the REDMAPPER (RM)
cluster catalog. The feature around 1 h~'Mpc in the REDMAP-
PER measurements appear slightly sharper than the Y07 group
measurement. The bottom panel shows the ratio of the Y07 mea-
surements to the best-fit models.
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Figure 6. The fraction of red and blue galaxies relative to all
galaxies around REDMAPPER clusters as a function of the pro-
jected distance from the cluster center.
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Figure 5. The top panel shows the ¥4 (R) measurements for the
full sample (black data points), the reddest quartile of galaxies
(red data points) and bluest quartile of galaxies (blue points);
best fit models to the different measurements are shown as solid
lines. The bottom panel shows the corresponding log-derivatives
of pg(r) inferred from model fiting.

[3] Splashback shells of cold dark matter halos
Mansfield, Kravtsov & Diemer, arXiv:1612.01531
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FIG. 2.— Density slices of six halos are shown within boxes of size SRygom along with cross-sections of each halo’s splashback shell identified by our algorithm
(white lines) and cross-sections of spheres with the same volume as the splashback shell (black circles). The six halos were picked randomly by sampling halos
uniformly from within in the the log M>pom — I' plane in our L0063 simulation box. Note that Figure 2(d) shows the halo used to illustrate our algorithm in
Figure I,
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FIG. 1.— An overview of the steps in our shell-finding algorithm for a cluster-sized halo (This halo is also shown in Figure 2(d) below). Figure 1(a) shows
a random line of sight traced through this halo’s density field (see §2.2.1 and Appendix A). Figure 1(b) shows the density profile along this line of sight before
smoothing (black line) and after smoothing with a Savitzky-Golay filter (red line). The arrow indicates the point of steepest slope identified by the algorithm in
the smoothed profile (see §2.2.2). Figure 1(c) shows the points of steepest slope for the 236 lines of sight in the viewing plane. Figure 1(d) shows the filtering
KDE:s for the angular bins containing the highlighted line of sight at different refinement levels (see §2.2.3). Figure 1(e) shows the point classification that the
algorithm generates for this point distribution (see Appendix B). The white curve shows the filtering spline created during the point selection process. Points
which are close enough to this curve to pass the filter are shown in white and those which are too far away are shown in red. Figure 1(f) shows the cross-section
of the best fit Penna-Dines surface from the overall distribution of splashback points from 100 randomly oriented planes in which such a procedure was carried
out (see §2.2.4). See the text in the corresponding sections for details. All analysis is done with the parameter values listed in Table 2, but the underlying images
are rendered using spherical kernels of radius 0.05R»pop, to make the structures around halos more clear.
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FIG. 5.— Comparison between the distribution of Rsp/Raoom values mea-
p P

sured by SHELLFISH to the prediction of stacked density profile analysis. The
black curve shows the best fit to location of steepest slope in the stacked den-
sity profiles as a function of accretion rate, I". We use the parameterization

FIG. 3.— Convergence tests for the properties of splashback shells defined
in Equation 7 - Equation 11 : enclosed mass, Msp, radius of the sphere of

equivalent radius, Rsp, el]lptlc_lty, ESP" aAnd asphericity, Asp as a functlon of for this fit reported in More et al. (2015). The blue points show SHELL-
the number of dark matter particles within RZOO““,’ N'ZOOm» The vertical da§h§d FISH Ryp/Rooom measurements for individual halos, the blue curve shows the
llr}e corresponds to Naoom = 502000’ th? lqwer_ limit u.sed for' the analysm n median measurement, and the blue contours show the 68% envelope. The
this paper, and the shaded vertical region indicates bins which contain two SHELLFISH curve differs from stacked profiles in both amplitude and shape,
or fewer halos and are therefore dominated by individual halo error. Within becoming ~230% larger for halos with ' > 4. A qualitatively similar dif-
the converged particle count range there is typically a scatter of &~ 2% about ference can be seen at all redshifts. We argue that this difference is due to
the median relation, which has not been plotted here for visual clarity. See stacked profiles splashback measurements being artificially biased inwards
section 3 for details and discussion on this figure. by massive subhalos in section 4.2.

(b)

(d

FIG. 4.— Trajectories for particles during the redshift interval z € [0.32,0] near the splashback shell of four clusters from the L0250 simulation with Moo, =~
10"47! M identified at z; = 0.13. Each figure shows a slice through the density field in a region centered on the halo with a width of 5Ry0om and a depth of
Raoom /5. Every particle in this slice located within Ryom /50 of the splashback shell identified by SHELLFISH at z; = 0.13 is shown as a red point. The trajectory
of each particle during the redshift interval [0.31,0.13] is shown by red line, while the trajectory during the redshift interval [0.13,0] is shown by yellow lines.
See section 3.1 for details.
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F1G. 6.— Comparison between spherically averaged radial density profiles (Figure 6(a)) and the angular median density profiles described in 4.3 (Figure 6(b)).
The top panels show density and the bottom panels show logarithmic slope after the density profiles have been smoothed with a fourth-order Savitzky-Golay filter
with smoothing windows a third of a decade wide. Both density and slope profiles have had their radii normalized by Rsp as measured by SHELLFISH. The three
halos are chosen to be representative of the three qualitative classes of halo profiles we identified in section 4.2. Because angular median profiles are designed to
remove interfering substructure, they have deeper and more well-defined points of steepest slope. The level of agreement between the radius of steepest slope of
the angular median profiles shown here and the Rsp values derived by SHELLFISH is typical.
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FIG. 7.— Comparison between the mean Rgp/Raoom values measured by SHELLFISH and by the angular median profile method described in section 4.3. The
left panel shows measurements made by the two methods for different I' and Mg, bins at z=0.5. Shellfish measurements are shown as circles on the left side
of their respective I bins, and angular median profile measurements are shown as triangles on the right side of their respective I" bins. Error bars represent only
the bootstrapped error on the mean and do not account for known systematic uncertainty in the angular median profile method (see section 4.3). The right panel
shows the median value of Rspejifish/Rmedian — 1, for every halo in our sample at z =0, 0.5, 1, and 2. The dashed blue lines show the shape of this curve when the
angular median profile’s Savitzky-Golay window width is varied to the edges of its physically reasonable value range to give a sense of the systematic variability
in this method (see section 4.3). These two figures illustrate that when large subhalos are removed from the density profiles of halos, the location of the point of
steepest slope becomes consistent with the value of Ry, measured by SHELLFISH. They also illustrate that there is a non-trivial disagreement between the two
methods for very small I".
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FIG. 8.— The relationship between the median of the fitted Rsp/Rooom = R,p distribution and I' and M>pom. Equation 12 has been inverted to displ
Mjoom as a function of ﬁsp T", meaning that Iésp_med(l") at a particular Mo, can be read by following lines of constant color. To visualize the typical wic
of of the 1?,0 distribution, dashed white curves showing the 68% contours for Magom = 10'3 A7'M and solid white curves showing the median relations 1
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FIG. 9.— The relationship between the median of the fitted psp distribution and I" and Mo, . The visualization scheme is identical to the one used in Figure 8
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ESP FIG. 11.— The correlation function, £(6a), between the major axes of
splashback shells and the major axes of total dark matter distribution. The
dashed black line shows £(0a) = 0, and indicates the level of correlation
expected for random alignment.

FIG. 10.— The asphericity parameter, Asp, versus the ellipticity parameter,
Esp (defined in Equations. 11 and Equation 10, respectively) for our z = 0
halo sample. The blue shaded region shows the range of values of these
quantities for ellipsoids with different axis ratios. The fact that Agp and Egp
of the splashback shells lie above the shaded regions means that the shells
have significantly higher surface areas than ellipsoids of similar ellipticity
and volume.



