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Outline 
1. Art collaboration/synthesis to demystify science and 

art. Could attract/de-repulse those turned off  by 
traditional physics education. Addresses anti-science/
anti-intellectualism 

2. SciArt for scientific progress! 🌈 of  ways of  thinking 
about physics invaluable. Origami: led to finding about 
rotating filaments! 

3. Wave/Fuzzy Dark Matter phenomenology: how does 
larger-scale rotation in haloes and filaments affect 
solitons and vortices? 

4. Voids/single-stream regions/waveDM no-interference 
regions in waveDM seems “cosmic” (non-chaotic)
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Dark Matter Fabric Sheet: Tulle
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Dark Matter Fabric Sheet: Tulle 
at Science Gallery London
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Crease pattern of  a realistic cosmic web

- Colored according to (det J) 
- J = matrix describing the local transformation from initial 

coordinates 5 / 21



Origami tessellations

Andy Wilson (based on a floor tiling 
pattern from the Alhambra)

Andy Wilson

Robert Lang
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Opposite twist direction for triangle 
and hexagon (2)

I have given names to those 
combinations and you can see them 
in the associated tessellations. There 
are several variations for each of the 
composed twists, combining the 
following options::

t�Direction of upper twist (clockwise or 
counter-clockwise)

t�Direction of lower twist (CW OR 
CCW).

t�In every combination of the above, 
there are two possible options, CW 
and CCW.  I´ll include only one of the 
options (same twist direction for upper 
and lower). 

t�I´ll show the CP and folded view for 
each combination using the ORIPA 
program. 

COMPARISON OF MOLECULES

There are several 
variations for each 

twists, combining the 
following options::

There are 
several 
variations for 
each twists, 
combining 
the following 
options::
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Lang & Bateman 2011, 
Lang 2015:  
each spiderweb (An 
arrangement of  cables that 
can be entirely in tension) 
gives an origami 
tessellation, 

Tension in cable  
⇔ 
thickness of  filament 
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A 3D origami cosmic web — 3D twist folds

Filaments spin if  and only if  haloes spin
/ 419 / 21



Rotating filament!
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Codis et al. 2015, Laigle, 
Pichon, Pogosyan …: 
considering vorticity around 
a filament is key to 
understanding spin-filament 
alignment. 

Small haloes tend to spin 
with axis aligned with 
filament axis 

Do filaments themselves 
spin?
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Stacked Millennium simulation filaments

with Qianli Xia, Yanchuan Cai, Miguel Aragón-Calvo

�2 0 2

r�,x [Mpc/h]

�2

0

2

r �
,y

[M
p
c
/h

]

A

�1

0

1

r�
/
(r

sep /
2
)

B

�2 �1.5 �1 �0.5 0 0.5 1 1.5 2

r�/(rsep/2)

�1

0

1

r�
/
(r

sep /
2
)

C

0 2 4 6

r� [Mpc/h]

0

20

40

60

80

v r
ot

[k
m

/s
]

Dfilaments

two haloes

0

200

400

600

800

J
[(
M

p
c
/h

)
(
k
m

/s
)
]

E 6 � 10

10 � 20

20 � 40

40 � 60

0 2 4 6

r� [Mpc/h]

0

15�
J

0 2 4 6

r� [Mpc/h]

0.0

0.2

0.4

0.6

0.8

1.0

M
e
a
n

f r
ot

(
r �

)
[1

/a
g
e
o
f
u
n
iv

e
r
s
e
]

F

0 1 2 3 4 5 6 7 8 9 10

frot(rmin) [1/age of universe]

1

10

100

1000

N
fi
l

G

m
e
a
n

0.4 0.6 0.8 1.0
log10(1 + �)

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7
log10(1 + �)

Figure 1: Top panels: Average density and momentum density fields around filaments.
Colors show the average density around filaments connecting pairs of galaxies separated by
6-10 Mpc/h found in the Millennium simulation. See Fig. S1 for a diagram. (A) Arrows show
the momentum density p in the filament region, projected along the filament axis, excluding
the halo regions. The longest vector corresponds to 1380 km/s. (B) Lengthwise view on one
side of the filament axis, stacked over filaments (rescaling coordinates so each halo lies at ±1),
and projected. Here, arrows show v instead of p, for clarity at large 1 + �. The longest vector
corresponds to 264 km/s. (C) Same as (B), but with radial infall velocities around two haloes
nulled (See §S1.3). Bottom panels: (D) Rotational velocity profile. Average azimuthal ve-
locity vrot as a function of distance to the filament axis r?, in the filament region and the halo
regions as shown in panel B. Matter in the filament region (blue) exhibits stronger rotation
around the filament axis than in halo regions (black). (E): Filament angular momentum den-
sity profile, J(r?). The upper panel compares J(r?) for different filament lengths in units of
Mpc/h. Signals from random patches of the same length in the simulation have been subtracted
for each case. The lower panel shows the corresponding error bars, which are the standard er-
rors of the mean velocity of a filament in the filament stack. Rotation frequency; the mean
frequency at each distance, excluding any filaments that counter-rotate (compared to Javg) in
that distance bin. (G): Rotation frequency distribution over filaments, in their innermost bins
(blue). Excluding the 23% of filaments that counter-rotate (compared to Javg) in this bin, the
mean frequency is 1.05, i.e. a rotation period of about the age of the Universe. An exponential
distribution (orange) with this mean fits the distribution well.3

Xia, MN et al., arXiv:2006.0241812 / 21



Monopole (net spin) comparable to/higher than 
quadrupole
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Figure 2: Panel A: Average density (colors) and momentum density fields (vectors) around
Millennium-simulation (panels A-C) filaments, as in Fig. 1A, but stacked so that the wall in
which a filament might be embedded will appear horizontally. The maximum length of vectors
corresponds to 1760 (km/s). Panel B: Magnitude of density-weighted angular velocity with
the positive direction defined as into the paper. Panel C: Density-weighted angular velocity
with the isotropic component subtracted. The isotropic, monopole component dominates the
quadrupole. Panel D: Monopole (J0) and quadrupole (J2) amplitudes as a function of distance,
averaged over 32 filaments of the same length from the Illustris simulation; these followed the
collapsed ridge of the filament, rather than the straight line between endpoint haloes. For the
orange ‘filament-aligned’ curve, J2 was measured for each filament; for the green ‘segment-
aligned’ curve, J2 was measured separately in each of 6 segments along each filament, resulting
in increased J2 amplitude in the inner bins. See Sec. S1.7 for further discussion.

indicates a wall on average, within which the filament is embedded (left panel in Fig. 2). The87

overall spin is positive everywhere, with its amplitude varying with orientations (middle panel).88

Subtracting the isotropic signal (measured from the left panel of Fig 1) reveals a quadrupole89

pattern (right panel in Fig 2). Importantly, the average amplitude of the monopole, which90

was not considered in the past, exceeds or is comparable to the average quadrupole. This91

suggests that it should not be ignored when interpreting the alignment of galaxy spins with92

their filaments. The white zero regions separating the quadrupole pattern grow vertical and93

horizontal at large radius, as expected [13]. But closer to the filament, the quadrupole is ⇠ 45
�

94

rotated, perhaps from the matter flow overshooting the filament with some impact parameter.95

The monopole we find is not present in the primordial, irrotational velocity field of the sim-96

ulation. Integrating a zero-curl field around a circle, the angular momentum vanishes. Where,97

then, does the rotation at a later time come from? It comes from the non-circular outskirts of a98

filament cross-section in the initial conditions, generally carrying angular momentum [25].99

5
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Wang, Libeskind, Tempel, Kang & Guo (2021) 
(appearing very soon)

Also observationally confirmed! 
Redshift-space signature of  

flows around SDSS filaments 
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Filaments�fold�up�
���like�origami�twist�folds�
with�nonzero�spin

15
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That was CDM (also WDM) … 
what about waveDM?
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In some circumstances, Bose-Einstein 
condensates can form vortices, outside of  

which the velocity field is irrotational … they 
can even form a lattice

Coddington et al. (2004)
/ 21
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If  filaments can have solitons 
(Mocz et al. 2019), and they rotate, might 

vortices thread them?
3
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FIG. 2. The structure of FDM filaments: collapse of a cylin-
drical filament to a spherical soliton. FDM (blue) radial pro-
files (dark matter — ; gas – – ; stars – ?) are shown through
a cross-section of a filament at z = 5.5 (shown in insert
(a)). (b) The dark matter filament has previously (z = 7)
gone unstable from a cylindrical solution and formed a soli-
ton core (the yellow/red lines are cylindrical/spherical profiles
of Equation 3). Gas traces the dark matter on all scales; while
stars form steeper profiles in the filament ‘spine’, but are still
cored in the center. In contrast, WDM (green) exhibits cuspy
profiles. In CDM (not shown) the filament fragments into
multiple subhalos, so the cross-section profile is ill-defined.
Characteristic power law dependencies are shown with gray
lines.
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where H is the Hubble constant, V is the total gravita-
tional potential due to dark matter and baryons, ⇢tot is
the total density field, ⇢tot is the average density of the
Universe, and G is the gravitational constant. The equa-
tions approximate the Vlasov-Poisson equations for CDM
in the limit of large boson mass or for high halo masses
[26], which makes the study of low mass first structures
of particular interest because it is where wavelike e↵ects
are expected to be the strongest.

We employ the magneto-hydrodynamics code arepo
[27], which has been previously used to carry out de-
tailed simulations of galaxy formation with CDM (e.g.,
the Illustris-TNG project [3]). Here, we replace CDM
by a FDM formalism via a spectral technique [28], which
evolves the wavefunction in a unitary manner by taking
alternating steps to shift the phases of  ̂ (the Fourier

transform of  ) to account for the kinetic operator in the
Schrödinger equation and the phases of  itself to account
for the gravitational potential. To verify the method we
have carried out extensive tests of the convergence of the
dark matter power spectrum as a function of resolution
and box size. The method requires fixed spatial resolu-
tion across the simulated box and fixed (rather than hier-
archical) time steps, and, therefore, the wave e↵ects can
only be fully explored in small cosmological volumes (up
to few Mpc on a side). It is complementary to particle-
based methods [29, 30] which can treat larger box sizes at
the cost of not fully-resolving wave interference patterns.
The relevant baryonic physics implemented in arepo
includes sub-grid models for primordial and metal-line
cooling, chemical enrichment, star formation, supernova
feedback via kinetic winds, and instantaneous uniform
reionization at z ⇠ 6 [31]. Simulations of FDM were
carried out on the TACC Stampede supercomputer using
3 million CPU core hours. The FDM simulations require
about 20 times more computation time than comparison
CDM/WDM simulations due to the resolution require-
ments.
We simulate a volume of size Lbox = 1.7h�1 Mpc

and assume a boson mass of m = 2.5 ⇥ 10�22 eV,
which introduces a cuto↵ in the initial power spectrum at
Lcuto↵ ' 1.4h�1 Mpc due to the uncertainty principle.
We evolve the simulation from redshift z = 127 (Uni-
verse age 107 years), where initial conditions are gener-
ated using the publicly available Boltzmann code axion-
CAMB [32], to redshift z = 5.5 (Universe age 109 years),
with the final redshift limited by resolution requirements
that guarantee fully-converged results. The dark mat-
ter spectral resolution is 10243, and the baryon resolu-
tion is 5123 particles (equivalent to the mass resolution
⇠ 103 M�). Cosmological parameters, as measured by
the Planck satellite [2], are assumed, with the exception
of �8, which is boosted from 0.8 to 1.4 to enhance initial
fluctuations and compensate for the small cosmological
volume probed by the simulation (e.g., [33]).

We compare the FDM simulations to those of CDM
and WDM which were run with the resolution of 5123

dark matter particles using the same hydrodynamical
setup as FDM and the same initial perturbations mod-
ulo initial power spectrum shape: CDM has no cuto↵,
while FDM and WDM assume the same exponentially-
suppressed initial power spectrum. Particle masses in
FDM and WDM cosmologies can be related by matching
the cuto↵ scale [16, 25]: the WDM particle mass that
corresponds to our choice of m is mWDM ⇠ 1.4 keV.
Our WDM is not an exact classical WDM simulation be-
cause we ignore initial velocity dispersion of WDM parti-
cles. Instead, the WDM case is designed to approximate
‘FDM minus wave e↵ects’ and treats the dark matter as
collisionless, an approximation widely used in cosmology
(e.g., [25]).

First structures in FDM/WDM/CDM. We illustrate

4

the main conceptual di↵erences between the anatomy of
the first star-forming structures with CDM, WDM, and
FDM in Fig. 1 by showing the dark matter, star, and
gas distributions across a filament. Fig. 2 shows radial
profiles for a cross-section perpendicular to the filament.

On large cosmological scales the projected dark mat-
ter density fields look similarly smooth in WDM and
FDM: the initial suppression in power at Lcuto↵ pre-
vents the formation of halos with masses below M1/2 '
5⇥ 1010 M�

�
m/10�22 eV

��4/3
[16], and the cosmic web

is dominated by dense filaments, which can fragment
due to a linear instability to form halos [34]. In con-
trast, CDM filaments hierarchically fragment into nearly-
spherical subhalos that are resolved down to the simula-
tion mass resolution.

FDM and WDM strongly di↵er in their small-scale
structure. In WDM, filaments show sharp caustic fea-
tures in their dark matter distribution (Fig. 1), and the
first structures are cuspy (Fig. 2). WDM is also known to
be susceptible to discreteness noise [35] – i.e., numerical
fragmentation of filaments at late times – due to the lack
of a regularizing force, which is seen to an extent in our
simulations. In contrast, in FDM caustics are regularized
by the uncertainty principle, and structure shows inter-
ference patterns from wave superposition. The quantum
pressure also prevents the artificial numerical fragmenta-
tion seen in WDM. In filaments, the interference remains
coherent due to a limited number of wave velocities from
the initial collapse, and interference minima/maxima are
aligned on scales of few ⇥ 100 kpc. Inside halos, the
structure is more complex: waves mimic the multiple
shell-crossing in classical collisionless dynamics. Fluc-
tuating kpc-scale wave interference patterns arise, and,
gravitationally coupled to baryons, may provide dynami-
cal heating and friction and thicken galactic disks [36, 37].
The size of the interference patterns in filaments and ha-
los is a locally varying quantity, which we find can be
estimated from our WDM simulations as the de-Broglie
wavelength �dB = h/(m�) of the local velocity dispersion
� of the dark matter particles to within a factor of 2, in
line with theoretical predictions [26].

On scales of order �dB, structures in dense regions can
also be highly nonlinear, showing large di↵erences be-
tween FDM and WDM. The quantum pressure in FDM
can become strong enough to counteract the self-gravity
of the dark matter superfluid. This results in cosmic
structures that are unique to FDM such as a spherical
soliton core with a radius of few kpc at halo centers
[38] versus much denser cusps in CDM [39] and WDM.
WDM, though tracing the FDM filament quite well at
early times and at large radii, instead collapses into a
denser cuspy halo due to the absence of quantum pres-
sure support. If primordial thermal velocities of WDM
(not modeled here) were included, the cusp would eventu-
ally form a⇠ 10 pc core by z ⇠ 2 (for our halo masses and

e↵ective mWDM particle mass) [40–42], which is signifi-
cantly smaller than the cored structures of FDM formed
on kpc scales.
The smallest soliton mass that can form in a cos-

mological setting as a result of non-linear evolution of
the density field is predicted to be Mmin ' 1.4 ⇥
107 M�

�
m/10�22 eV

��3/2
for a boson mass m [16].

Mmin is 3 orders of magnitude below the minimum mass
allowed by the initial power cuto↵ M1/2, which agrees
well with halos found in our simulations.
We find that, in addition to spherical halos, the cen-

ters of cylindrical filaments may be supported by quan-
tum pressure (a 2D, unstable version of the 3D soliton).
In fact, first non-linear FDM structures seen in our sim-
ulations are cylindrical solitons which are unstable and
evolve into spherical solitons. The spherical soliton in
halo centers and the cylindrical solution in filaments are
well-approximated by:

⇢(r) ' ⇢0

"
1 +

⇢
0.091 spherical
0.127 cylindrical

�
⇥

✓
r

rc

◆2
#�8

(3)

where r is a cylindrical coordinate for filaments and
spherical for halos, rc is the core radius and ⇢0 is the
central density:

⇢0 ' 1.9⇥ 109
✓
10�22 eV

m

◆2 ✓
kpc

rc

◆4 M�

kpc3
. (4)

The cylindrical filament solution (which we obtained as
a fit to the numerical solution for the ground state of
the SP equations in cylindrical symmetry) is a squeezed
version of the spherical soliton. Fig. 2 (b) shows the
radial density profile of a slice through a FDM filament
at two cosmic times z = 7 and z = 5.5. Initially, the
central filament ‘spine’ is well-modeled by the cylindrical
filament solution. This first structure is highly triaxial
with minor-to-major axis ratio ⇠ 0.1. The filament goes
unstable and forms a soliton core of massM ' 2⇥107 M�
by z = 5.5, near the predicted minimum nonlinear mass
limit Mmin.
Gas and Stars. In standard CDM scenarios baryons

follow dark matter on scales larger than the filtering scale
(the characteristic distance on which pressure acts, e.g.,
[43]), while on smaller scale gas is di↵used by pressure.
In our FDM and WDM simulations gas pressure does
not play a role in the initial collapse of baryonic struc-
ture because the filtering scale is below the cuto↵ scale
of the initial power spectrum. As a result, the dense
FDM/WDM filaments are able to collect gas along the
entire structure, in contrast with the fragmentation seen
in CDM (Fig. 1). In principle, baryons could alter the
central dark matter structure in galaxies through gravita-
tional potential fluctuations [44], but this e↵ect depends
on how extended the star formation history is, and is not
seen in our simulations. We find that inside filaments the



In waveDM simulations, vortices haven’t been seen in 
solitons. How can things rotate, then, in an irrotational 
fluid? In a “Riemann S-ellipsoid” 

Schobesberger, Rindler-Daller & Shapiro (2021): Specific 
angular momentum must exceed ℏ/particle for spin to 
drive vortices. They could possibly form in the regime of  
very large self-interactions, though.

Angular Momentum and Vortices in FDM 27
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Figure B1. Illustrative velocity fields of an (n = 2)-polytropic, irrotational Riemann-S ellipsoid in the rest frame (left-hand plot) according to Eq. (B12) and

in the rotating frame (right-hand plot) according to Eq. (B11) with eccentricities e1 = 0.87098 and e2 = 0.78203 (or ! = 0.1, see Table B1).

Figure B2. Irrotational Riemann-S ellipsoids rotating about the z-axis with a1 = 1 and ! = 0.05 (left-hand plot) and ! = 0.3 (right-hand plot).

MNRAS 000, 1–26 (2020)
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Another project with Shy Genel: Voids (single-stream 
regions in CDM/WDM, with no interference pattern in 
waveDM) are remarkably laminar/non-chaotic/directly 
deterministic 
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COnclusion 

1. Useful for many reasons to bring fresh 
perspectives and diversity of  thought; art 
is one way of  doing so 

2. Filaments rotate! 
3. Probably no extra observables for Wave/

condensaTe/Fuzzy (WTF) dark matter, 
except possibly with very strong self-
interactions
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