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In terrestrial collider experiments, the forces
acting on particles can be inferred from the tra-
jectory and quantity of emerging material. Colli-
sions between galaxy clusters contain dark matter
and provide similar tests for dark sector forces.
If dark matter’s particle interactions are frequent
but exchange little momentum (via a light me-
diator particle that produces a long-ranged force
and anisotropic scattering), the dark matter will
be decelerated by an additional drag force. If
the interactions are rare but exchange a lot of
momentum (via a massive mediator that pro-
duces a short-ranged force and isotropic scatter-
ing), dark matter will tend to be scattered away
and lost (11, 18, 19).

The dynamics of colliding dark matter can be
calibrated against that of accompanying stan-
dard model particles. The stars that reside within
galaxies, which are visible in a smoothed map of
their optical emission, have effectively zero cross
section because they are separated by such vast
distances that they very rarely collide. The dif-
fuse gas between galaxies, which is visible in x-ray
emission, has a large electroweak cross section;
it is decelerated and most is eventually stripped
away by ram pressure (20). Dark matter, which
can be located via gravitational lensing (21), be-
haves somewhere on this continuum (Fig. 1).

The tightest observational constraints on dark
matter’s interaction cross section come from
its behavior in the giant “bullet cluster” collision
1E0657-558 (22). A test for drag yields opy/m <
1.25 cm?/g [68% confidence limit (CL)], and a test
for mass loss yields opp/m < 0.7 cm?/g (68% CL)
(18). Half a dozen more galaxy cluster collisions
have since been discovered, but no tighter con-
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Fig. 3. Observed offsets between the three com-
ponents of 72 pieces of substructure. Offsets
851 and 3¢ include corrections accounting for the
fact that gravitational lensing measures the total
mass, not just that of dark matter. (A) The observed
offset between gas and mass, in the direction of
motion. The smooth curve shows the distribution
expected if dark matter does not exist; this hypoth-
esis is inconsistent with the data at 7.6¢ statistical
significance. (B) Observed offsets from galaxies
to other components. The fractional offset of dark
matter toward the gas, 8s/3sg, is used to measure
the drag force acting on the dark matter.
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straints have been drawn. This is because the anal-
ysis of any individual system is fundamentally
limited by uncertainty in the three-dimensional
(3D) collision geometry (the angle of the motion
with respect to our line of sight, the impact pa-
rameter, and the impact velocity) or the original
mass of the clusters.

The same dynamical effects are also predicted
by simulations in collisions between low-mass
systems (11). Observations of low-mass systems
produce noisier estimates of their mass and po-
sition (23-25), but galaxy clusters continually grow
through ubiquitous minor mergers, and statis-
tical uncertainty can be decreased by building a
potentially very large sample (26, 27). Further-
more, we have developed a statistical model to
measure dark matter drag from many noisy ob-
servations, within which the relative trajectories
of galaxies, gas, and dark matter can be combined
in a way that eliminates dependence on 3D ori-
entation and the time since the collision (28).

‘We have studied all galaxy clusters for which
optical imaging exists in the Hubble Space Tel-
escope (HST) (Advanced Camera for Surveys)
data archive (29) and for which x-ray imaging
exists in the Chandra Observatory data archive
(30). We select only those clusters containing
more than one component of spatially extended
x-ray emission. Our search yields 30 systems,
mostly between redshift 0.2 < 2 < 0.6 plus two
at ¢ > 0.8, containing 72 pieces of substructure
in total (table S1). In every piece of substructure,
we measure the distance from the galaxies to the
gas 8gg. Assuming this lag defines the direction
of motion, we then measure the parallel &g; and
perpendicular dp; distance from the galaxies to
the lensing mass (Fig. 2).

We first test the null hypothesis that there
is no dark matter in our sample of clusters [a
similar experiment was first carried out on the
bullet cluster, finding a 3.40 and 8c detection
(31)]. Observations that do not presuppose the
existence of dark matter (32) show that 10" M,
clusters (M, solar mass) contain only 3.2% of
their mass in the form of stars. We compen-
sate for this mass, which pulls the lensing signal
toward the stars and raises 8g; by an amount
typically 0.78 + 0.30 kpc (computed using the
known distances to the stars dgg; see supplemen-
tary materials and methods). The null hypoth-
esis is that the remaining mass must be in the

Fig. 4. Constraints on the self-
interaction cross section of dark
matter. These are derived from the
separations B = §g1/8sg, assuming a
dynamical model to compare the
forces acting on dark matter and
standard model particles (28). The
hatched region denotes 68% CLs, to
be compared to the 68% confidence

gas. However, we observe a spatial offset between
that is far from the expected overlap, even in
the presence of combined noise from our gravi-
tational lensing and x-ray observations (Fig. 3A).
A Kolmogorov-Smirnov test indicates that the
observed offsets between gas and mass are in-
consistent with the null hypothesis at 7.6c, a P
value of 3 x 107 (without compensation for the
mass of stars, this is 7.7c). This test thus pro-
vides direct evidence for a dominant component
of matter in the clusters that is not accounted
for by the luminous components.

Having reaffirmed the existence of dark mat-
ter, we attempt to measure any additional drag
force acting on it, caused by long-range self-
interactions. We measure the spatial offset of
dark matter behind the stars, compensating as
before for the 16% of mass in the gas (33) by sub-
tracting a small amount from &g; (on average,
4.3 + 1.6 kpc). We measure a mean dark matter
lag of (3g;) = —5.8 + 8.2 kpc in the direction of
motion (Fig. 3B) and (ép;) = 1.8 £ 7.0 kpc per-
pendicularly. The latter is useful as a control test:
Symmetry demands that it must be consistent
with zero in the absence of systematics. We also
use its scatter as one estimate of observational
error in the other offsets.

We interpret the lag through a model (28) of
dark matter’s optical depth [similarly to previous
studies (19, 23)]. Gravitational forces act to keep
gas, dark matter, and galaxies aligned, whereas
any extra drag force on dark matter induces a
fractional lag

p= ﬁ:B{l— e[iwnﬁznw]} (1)
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where o, is the interaction cross section of
the galaxies, coefficient B encodes the relative
behavior of dark matter and gas, and ¢* is the
characteristic cross section at which a halo of
given geometry becomes optically thick. We as-
sume that stars do not interact, so 6z, = 0. To
ensure conservative limits on opy/m, we also
assume B =~ 1 and marginalize over ¢*/m ~ 6.5 +
3 cm?/g, propagating this broad uncertainty to
our final constraints (see materials and meth-
ods). Adopting the dimensionless ratio brings two
advantages. First, it removes dependence on the
angle of the collision with respect to the line of
sight. Second, it represents a physical quantity

o o= <™ 0=
L |0e N ISk}
120 |0 INEH o=
[ ] ! [qV-24 o3
235 K2 == =9
o |©° o 0 >
190 |10 f()’m %E)%
1S5 (w3 < fus}
:§Q *3 51 ==
! = e

&

, Posterior probability (linear scale)

n

upper limits from previous studies of
the most-constraining individual
clusters. Note that the tightest previous

0 1 2 3 4

Dark matter self-interaction cross section, opy/m [cm?/g]

constraint is derived from a measurement of dark matter mass loss, which is sensitive to short-range
self-interaction forces; all other constraints are measurements of a drag force acting on dark matter,

caused by long-range self-interactions.
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that is expected to be the same for every merger
configuration, so measurements from the differ-
ent systems can be simply averaged (with appro-
priate noise weighting, although in practice, the
constraining power from weak lensing-only
measurements comes roughly equally from all
of the systems).

Combining measurements of all of the collid-
ing systems, we measure a fractional lag of dark
matter relative to gas () = —0.04 £ 0.07 (68% CL).
Interpreting this through our model implies that
dark matter’s momentum transfer cross section
is opm/m = —0.25:%2 em?/g (68% CL, two-tailed)
or opp/m < 047 cm?’/g (95% CL, one-tailed) (Fig. 4).
This result rules out parts of model space of hidden-
sector dark matter models [e.g., (12, 13, 15, 16)]
that predict opy/m =~ 0.6 cm?/g on cluster scales
through a long-range force. The control test found
By = (8])1/55(;) = -0.06 + 0.07 (68% CL) (B,,
fractional displacement perpendicular to the
vector connecting the galaxies and the gas), con-
sistent with zero as expected. This inherently
statistical technique can be readily expanded to
incorporate much larger samples from future
all-sky surveys. Equivalent measurements of mass
loss during collisions could also test dark sector
models with isotropic scattering. Combining ob-
servations, these astrophysically large particle
colliders have potential to measure dark mat-
ter’s full differential scattering cross section.
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NEURODEVELOPMENT

Human-specific gene ARHGAPIIB
promotes basal progenitor amplification
and neocortex expansion

Marta Florio,' Mareike Albert,'* Elena Taverna,'* Takashi Namba,'* Holger Brandl,"
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Ina Niisslein," Andreas Dahl,> Robert Lachmann,* Svante Piiibo,> Wieland B. Hutiner'}

Evolutionary expansion of the human neocortex reflects increased amplification of

basal progenitors in the subventricular zone, producing more neurons during fetal
corticogenesis. In this work, we analyze the transcriptomes of distinct progenitor
subpopulations isolated by a cell polarity—based approach from developing mouse and
human neocortex. We identify 56 genes preferentially expressed in human apical and basal
radial glia that lack mouse orthologs. Among these, ARHGAP11B has the highest degree of
radial glia—specific expression. ARHGAP11B arose from partial duplication of ARHGAP11A
(which encodes a Rho guanosine triphosphatase—activating protein) on the human lineage
after separation from the chimpanzee lineage. Expression of ARHGAP11B in embryonic
mouse neocortex promotes basal progenitor generation and self-renewal and can increase
cortical plate area and induce gyrification. Hence, ARHGAP11B may have contributed to

evolutionary expansion of human neocortex.

eocortex expansion is a hallmark of pri-
mate (especially human) evolution (7, 2).
The increased number of neurons gener-
ated during human cortical development
results from increased proliferation of
neural stem and progenitor cells (NPCs) (3-8).
Three classes of cortical NPCs can be distin-
guished cell biologically: (i) apical progenitors,
which undergo mitosis at the ventricular side of
the ventricular zone (VZ)—i.e., apical radial glia
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(aRG) and apical intermediate progenitors; (ii)
basal progenitors, which lack ventricular con-
tact and undergo mitosis in the subventricular
zone (SVZ)—i.e., basal (outer) radial glia (bRG)
and basal intermediate progenitors (bIPs); and
(iii) subapical progenitors, which undergo mito-
sis in the SVZ or basal VZ and retain ventricular
contact (9).

Cortical expansion has been linked to increased
generation of basal progenitors from aRG and
their greater and prolonged proliferation, re-
sulting in enlargement of the SVZ (3-7, 10, 1I).
Toward identifying the molecular basis of these
processes, genome-wide transcriptome analyses
of VZ and SVZ carried out in rodents (12, 13) and
primates (74), including humans (13, 15), have
provided insight. Further clues have come from
transcriptome analyses of mouse NPC subpop-
ulations (76) and retrospectively identified mouse
and human NPC types (I7-19). However, a rate-
limiting step in understanding cortical expan-
sion has been the lack of transcriptome analyses
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Editor's Summary

Uncloaking the influence of theinvisible actor

Theidea of dark matter enjoys popular support, but two major concerns persist: the so-called
Standard Model excludesit, and it cannot be directly detected by any telescope. For now, astronomers
can only observe dark matter'sinfluence indirectly, such as when watching unseen creatures perturb the
surface of apond. Harvey et al. observed 72 galaxy collisions to compare the resulting centers of mass
for the gas and stars (from direct observations) and for the dark matter (by inference). Based on these
offsets, dark matter is clearly present.
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