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Possible observational evidence that cosmic filaments
spin
Peng Wang'*, Noam I. Libeskind'?*, Elmo Tempel?, Xi Kang*?, Quan Guo®

Most cosmological structures in the universe spin. Although
structures in the universe form on a wide variety of scales
from small dwarf galaxies to large super clusters, the gen-
eration of angular momentum across these scales is poorly
understood. We have investigated the possibility that fila-
ments of galaxies - cylindrical tendrils of matter hundreds
of millions of light-years across, are themselves spinning. By
stacking thousands of filaments together and examining the
velocity of galaxies perpendicular to the filament’s axis (via
their red and blue shift), we have found that these objects
too display motion consistent with rotation making them
the largest objects known to have angular momentum. The
strength of the rotation signal is directly dependent on the
viewing angle and the dynamical state of the filament. Just
as it is easiest to measure rotation in a spinning disk galaxy
viewed edge on, so too is filament rotation clearly detected
under similar geometric alignment. Furthermore, the mass
of the haloes that sit at either end of the filaments also in-
creases the spin speed. The more massive the haloes, the
more rotation is detected. These results signify that angular
momentum can be generated on unprecedented scales.
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Figure 1 — The statistical significance of Azap being consistent with random is shown as a function of the filament dynamical
“temperature”, Zyms/AzaB, in Which Azap is the redshift difference of galaxies between the approaching and receding regions of
each filament. The higher this quantity, the more unlikely it is that Azsp is a random occurrence. Each filament is colored codes
by the number of galaxies it contains, with yellow being rich filaments and purple being poor filaments as designated by the color
bar. Ata given value of zyms /Azap, the Azap seen in richer filaments is more statistically inconsistent with random. ‘Cold’ or ‘hot’
filaments are separated by zyms/Azap = 1.
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Figure 2 — The cumulative distribution of Azap , the redshift difference of galaxies in the approaching and receding regions of
each filament. Left panel: all filaments irrespective of viewing angle. Middle panel: filaments whose axis subtends an angle
cos @ < 0.2 with the line of sight. Right panel: filaments whose axis subtends an angle cos¢ < 0.5 with the line of sight and
which are dynamically cold, namely z;ms/Azap < 1. The red solid line shows the distribution of observed filaments, while the
10,000 grey lines indicate the expected distribution from randomized redshifts. The median value of these 10,000 random samples
is shown as the black solid line. The upper panels measure, as a function of Azap , the distance, in units of the standard deviation
of the randomized distribution, between the measured curve and the mean of the random distributions. The upper x-axis displays
the rotation velocity of the filament in km/s calculated as it = ¢ X Azpg.
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Figure 4 — The rotation curve of filaments as a function of the distance between galaxies to filament spine. The rotation speed
is calculate by ¢ x Az;, where Az; is the redshift difference of galaxies at given distance with respect to the mean redshift of all
galaxies in the filament. The distance of galaxies in the region A (or receding region, defined as the region with greater mean
redshift) is marked as positive values, while the distance of galaxies in the region B (or approaching region, defined as the region
with smaller mean redshift) is marked as negative values. Error bars represent the standard deviation about the mean.

Figure 3 — The stacked rotation signal of filaments. Galaxies’ position rg, long the filament are scaled by the length ry. of the
filament. dg, is the distance of galaxies to the filament axis. Region A (defined as the region with greater mean redshift) is shown
in the upper part of each plot, while region B is shown in the lower part. From top to bottom, each row shown the stacked rotation
signal for all filaments, filaments whose spine subtend an angle cos(¢) < 0.5 with the line of sight and filament with cos(¢) < 0.2
and which have zyn/Azap < 1. These three samples of filaments are subdivided according the group mass they are point to.
Middle and right columns show the stacked rotation signal for filaments with the smallest and largest 10 percentile filament end
point mass. The redshift difference is coded in color bar.
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Origin of stellar prolate rotation in a cosmologically simulated faint dwarf
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ABSTRACT

Stellar prolate rotation in dwarf galaxies is rather uncommon, with only two known galaxies in the Local Group showing such
feature (Phoenix and And II). Cosmological simulations show that in massive early-type galaxies prolate rotation likely arises
from major mergers. However, the origin of such kinematics in the dwarf galaxies regime has only been explored using idealized
simulations. Here we made use of hydrodynamical cosmological simulations of dwarfs galaxies with stellar mass between 3 x 10°
and 5 x 103 M, to explore the formation of prolate rotators. Out of 27 dwarfs, only one system showed clear rotation around the
major axis, whose culprit is a major merger at z = 1.64, which caused the transition from an oblate to a prolate configuration.
Interestingly, this galaxy displays a steep metallicity gradient, reminiscent of the one measured in Phoenix and And II: this is
the outcome of the merger event that dynamically heats old, metal-poor stars, and of the centrally concentrated residual star
formation. Major mergers in dwarf galaxies offer a viable explanation for the formation of such peculiar systems, characterized
by steep metallicity gradients and prolate rotation.
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Figure 1. Top: Principal Axes orientation with respect to the stellar angular
momentum as a function of look-back time. The major, minor and interme-
diate axis are shown in blue, red and green respectively. We show the values
obtained from individual snapshots (thin lines) and a running average (thick
lines) using a window of 6 snapshots (~ 0.34 Gyrs). Bottom: SFH (blue)
and dark matter halo virial radius (black dashed line) of h948, together with
the orbits of infalling satellites, color-coded by look-back time (the width of
the lines has been set depending on the total mass ratio I' between the main
progenitor and the satellite, measured at the snapshot when the satellite first
crosses the main progenitor’s virial radius). The SFH is similar to the one
found in Phoenix (Gallart et al. 2015). Note that the gas mass of the satellite
is negligible with respect to that of the host (see Tab. 1), being the effect on
the SFH imperceptible.
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Figure 2. Properties of h048 projected onto the line-of-sight. From left to
right: RGB rendering of the stellar particles combining the 7, V and B
filters following the procedure described in Lupton et al. 2004; line of sight
stellar velocity field; projected stellar density. Top: The main progenitor of
the galaxy at 9.58 Gyrs (before the merger). Middle: The main progenitor of
the galaxy at 7.39 Gyrs, at this time the main progenitor and the satellite are
fully merged. Bottom: galaxy at redshift 0. The line of sight has been chosen
to be perpendicular to the stellar angular momentum, which is aligned with
the Y-axis in the projected maps. The stellar particles are distributed in a
grid with 0.1 kpc-wide bins. The velocity field has been constructed using
the Voronoi tessellation algorithm of Cappellari & Copin 2003 ensuring a
minimum number of 200 star particles in each Voronoi bin. The velocity
of each bin corresponds to the mass weighted average of the velocities of
the stars belonging to the bin. The ellipses in the velocity and density maps
indicate 1 and 2 half mass radius.

He ynaetcs BocnpounssecTy BpalleHMe Habnogaembix
ralakTMK. Ho moaenmpyoTca U30AMPOBaHHbIE CUCTEMbI.

Host z=0 Host z =1.78  Satellite z =1.78

M.ir/ Mg 2.8x10” 1.6x10° 3.4x108
M./ Mg 1.4x107 6.5%10° 2.4x10°
Mgas/ Mo 2.3x107 4.0x107 9.1x10%
(Lmjo,/l,qr(,,)2 0.780 0.040 0.004
VX /(g ) 0.19 0.30 0.33

b/a 0.76 0.64 0.68

cla 0.70 0.49 0.51
r1/2/kpe 0.70 0.64 0.62

Ry 2/kpe 0.57 0.48 0.42

Table 1. Properties of h®48 at z=0 (left) and at z = 1.78 (middle), corre-
sponding to its main progenitor just before the merger analyzed; properties
of the accreting satellite at z = 1.78 (right). We include the virial mass M.,
the stellar mass M., the total gas mass Mg, the ratio between the angular
momentum of the stellar component parallel to the major axis and the total
angular momentum (Lnjor/ LTot). the rotation velocity at 2 kpe divided by
the 3D velocity dispersion (r32D = Z? U',.Z/3, the axis ratios b/a and c/a,
and the 3D and projected stellar half mass radii ry and Ry 5.
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Figure 3. Top panel: Average age (magenta) and metallicity (blue) projected
radial profiles of h®48, with the latter normalized to its central value. The
error-bars correspond to the standard error of the average. The radial coordi-
nate has been normalized to the half mass radius in order to compare with the
metallicity profiles of the Phoenix (Kacharov et al. 2017) and Andromeda II
(Ho et al. 2015) galaxies, in light-blue and dashed red respectively. Bottom
panel: the evolution of the metallicity gradient of the simulated galaxy as a
function of look-back time, computed within 1, 2 and 3 effective radii (green,
blue and red respectively). The profiles have been smoothed via a Gaussian
with standard deviation of 0.5 Gyrs. The shaded regions correspond to the
1 o~ uncertainty over the smoothed evolution.



