MAKING DARK MATTER WAVES

CosMIC WEB & WAVELIKE DARK MATTER
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DARK MATTER MASS

one of the least constrained physical parameters

10_33 eV 10_22 eV eV keV GeV Mpl M@ Mass
----- [ | | — | >

DE Ultra-light DM “Light” DM WIMP g(f\znpome Primordial BHs

Not DM oo Limit
~ thermal relic _ _
_ _ Fig 1 from Ferreira 2021
Known particles: Y e- p Higgs
thermal production: hot warm cold

wave dark matter vs. cold dark matter



DARK MATTER MASS -> CLUSTERING

-

CHALLENGES

dark matter clustering as power per octave

wavenumber % [Mpc!]
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FUZZY VS. COLD DARK MATTER

Lyman-alpha forest: light absorption by hydrogen gas
within the mtergalactlc medium at hlgh redshlfts




lower mass limit by Lyman-alpha forest

strength of clustering

k Pr(k)/m

—_
S
ek

best fit j
z = 3.0

mrpy = 10 X 10722 eV |
- 10!

scale: large to small credit: Irsic ++ ‘17
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KEY PRO BLEM"'

COLD DARK MATTER DYNAMICS

VlIasov-Poisson equation (collisionless Boltzmann, long range force)

atf(mapv t) — {H7 f} AV(QE,t) X ff(il?,p, t) dgp—l
34+3 dim nonlinear

simple “cold” initial conditions: flat sheet



PHENOMENOLOGY . -

COLD DARK MATTER DYNAMICS

perfect fluid: single stream
fa(z,p) = p(x)op(p — mVe(x))

momentum p

position X

position X




PHENOMENOLOGY .

COLD DARK MATTER DYNAMICS

perfect fluid: single stream

fa(x,p) = p(x)op(p —mVo(z))

fails at shell-crossing

momentum p

. shell-
.Ccrossing;
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PHENOMENOLOGY .

COLD DARK MATTER DYNAMICS

beyond perfect fluid: multi-stream — bound structures

streams streams
3 1 /5 3

----------------------------------------------------------

momentum p

position X position X



PHENOMENOLOGY .

COLD DARK MATTER DYNAMICS

large-scale view

200 -
-/ """""" %

Simulation

Zeldovich
Post collapse PT

Multiscale Zeldovich
Multiscale post coll. PT

credit:
Colombi & Taruya
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. » _QHALLENGES

NUMERICAL ANALYTICAL
N PARTICLES 2 FIELDS

computational power perturbative fluid
limited sampling limited features

large-scale accuracy small-scale accuracy




JONE'WAVEFUNCTION TO RULE THEM ALL?

NUMERICAL ANALYTICAL
N PARTICLES 2 FIELDS

cold dark matter 1 COMPLEX cold dark matter
particles WAVE FUNCTION fluid

wave dark matter




SEMICLASSICAL DYNAMICS

correspondence: classical 2 quantum

f(m$, pT 7 t)_f_mfh WMP) CVL:cmi;LCZLiEZ?S:er ‘93

3+3 dim 3 dim - Fohys

small parameter
T

Schrodinger-Poisson equation

hou(x,t) = Hip(x, t AV (.t o |
Z (i) : (,t) 5= (x,1) o W( )|

fundamental for (ultra-)light scalar fields

— e rem—
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axion-like particles Schive ++ Nature Phys. Lett ‘15

astrophysical imprints: Hui, Ostriker, Tremaine & Witten 17, Hui 21
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shell-crossing: oscillations & phase jumps ¢ « VI + dexplig/h)
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SEMICLASSICAL DYNAMICS

correspondence: classical 2 quantum

flx,p,t) ~ faltb(z,t)|(P)

‘- ——
3+3 dim 3 dim
O fow = _261;227)1 | mV_ 3 S1N ( % ﬁ % ﬁ )

- (%.9-49)

CU, Kopp, Haugg PRD 14



'~ NUMERICAL PROOF OF CONCEPT ..

SEMICLASSICAL DYNAMICS

4 F T | S A SR S SN SR | S A S (N SR SR T T
-
r

classical & quantum
fa.p.t) = fult (@, D)(p) | 4

R — e —— | | ' ~ \\\\\
+ coarse-graining 0z0p S h/2 T
multi-stream > | |
— bound structure S, AN
0 ~
CU, Kopp & Haugg PRD '14
2D: Kopp++ PRD ‘17 D
-4 -2 0 2 4

comoving position x [Mpc/h]



JONE'WAVEFUNCTION TO RULE THEM ALL?

NUMERICAL ANALYTICAL
N PARTICLES 2 FIELDS

1 WAVE FUNCTION

Li, Hui & Bryan 18:
naive wave PT
no good
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. “CLASSICAL DYNAMIGS =~ %

APPROXIMATE: SHOOT PARTICLES

follow initial gravitational potential

v(g,a) = —Veii(q)




. \CLASSICAL DYNAMIGS

APPROXIMATE: SHOOT PARTICLES

follow initial gravitational potential

v(g,a) = —Veii(q)
x(q,a) = q — aVe(q)




APPROXIMATE: SHOOT PARTICLES

follow initial gravitational potential

v(g,a) = —Veii(q)
x(q,a) = q — aVe(q)

Zel’dovich 1D: exact before shell-crossing

Coordinates & PT

X: 'standard’ Eulerian (SPT) in 2D & 3D: N
+ tidal effects ‘_‘_’

q: Lagrangian (LPT)
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. 'CLASSICAL DYNAMIGS & .

APPROXIMATE: SHOOT PARTICLES

shell-crossing: singular density

Zeldovich useful until shortly after shell-crossing

no comeback after fly-through
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. “CLASSICAL DYNAMIGS = % .

FREE PROPAGATION

classical action: displacement x velocity

1 €T —
SO(maqaa) — 5('/13 _q) ' q 1

background expansion

CU, Rampf, Gosenca & Hahn 18



~ " SEMICLASSICAL' DYNAMICS ‘& "

TRANSLATE FREE PROPAGATION

transition amplitude

()

w()(m7a) — N/dgqexp ﬁSO(ajaq?a) 6I11(q)

Schrodinger equation

hZ
2

Coles & Spencer 03
CU, Rampf, Gosenca & Hahn 18

ih@cﬂbo — v2¢0

in 1D & right coordinates = exact before shell-crossing



" " CLASSICAL OBSERVABLES % .

EULERIAN FLUID

density & velocity

p(x) = [Y(z)|* Y = /pexpligy /T
ih WV — YV
vix) = = VO,
SR TE ’

not necessarily potential

+ velocity dispersion, ...



FREE WAVE EVOLUTION

Amplitude: brightness

Phase: colour

Features

Interference . it

® Regularised caustic

i\
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- : e Gough & Uhlemann 2022




UNWEAVING THE WAVEFUNCTION

Stream
components

'm m' \1

'm -w. Caustic classification
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Gough & Uhlemann 2022



OPT]CSANALOGY |

Dark matter optics
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Dark matter Optics
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UNWEAVING THE WAVEFUNCTION

Based on the propagator

b(z,a) ~ / dq Ko(q z, )™ (g)

\————
exp| 7 ¢ (q;z,a)]

Statlonary phase

e ((g;x,a) contains action & initial conditions
e K(g;x,a)transition amplitude
e 71 small — integrand oscillatory

/ u'. \n '
|| | | ||
l lll l
| 'H "’l'mt'l" i
Hu‘
4

Statlonary Phase Apprommahon ‘

\
‘\ (

KA where C(q) =0 dommate mtegral ]f

el

Gough & Uhlemann 2022



" STREAM WAVEFUNCTIONS

® The classical trajectories interfere!

® Recover classical information from just interference,

no need for phase space!
Gough & Uhlemann 2022
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® Phase jumps b0 /1 30 -
correspond to 25 -
zeros in the density -

15 J J ]
20 -
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e Velocity dispersion from y derivatives

h

0O —

® sourced by phase jumps & density zeros

4

VZlnp

e Oscillatory part of Yy goes beyond fluid

lb ~ wavg X whidden

/

Fluid part

N\

Oscillatory

a

0.0

0.9 -

1.0 -

1.5 -

2.0 -

2.0 7

3.0

—3.0

o

—1.5

0.0 1.5 3.0

Gough & Uhlemann 2022



3 TINTERFERENCE FEATURES

What phenomena do we see in space-time
as observables?

e classically, multiple fluid streams

== not just fluid density & velocity

m=) velocity no longer “potential”

Multi-streaming <= |nterference

isolate non-potential velocity from interference

Gough & Uhlemann 2022



i €CoLD VsS. WAVE DARK MATTER

May & Springel 22

N-body simulations SP simulations
%
)
=
X
™ 3
7 q
O
e
>
-
O 107!
1072

astrophysical imprints: Hui, Ostriker, Tremaine & Witten ‘17, Hui ‘21



[ CoLD VS .. WAVE DARKMATTER

(hack)
warmish
dark matter

May & Springel 22

N-body simulations SP simulations

FDM IC, 7 x 1073 eV

astrophysical imprints: Hui, Ostriker, Tremaine & Witten ‘17, Hui ‘21
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. WAVE DARK MATTER

1LPT 1PPT (hppr = 1.1 h=2 Mpc?)

y €4 -

\

Gough & CU 2024

cold
dark matter

(hack)
warmish
dark matter

Dome et al. 2022

wave
dark matter

FDM ICs (m22 — 01)
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1PPT (hppr = 1.1 h—2 Mpc?

Gough et al. in prep




How CLASSICAL Is FuZzy DM2

Gough & Uhlemann, OJA 2024



’];‘-[Qw CLA.SSIfCAL. IS FUiZIY DM‘?

pc”)

“classical” Fuzzy DM = FDM ICs + CDM dynamics - Dome et al. 2022 Gough & Uhlemann, OJA 2024



How CLASSICAL Is Fuzzy DM2

LPT FDM PP1T FDM

“classical” Fuzzy DM = FDM ICs + CDM dynamics - Dome et al. 2022 Gough & Uhlemann, OJA 2024



;1 CONCLUSION: THE'SKY FROM ¥

A NEW LAYER OF LARGE-SCALE STRUCTURE

phase space velocity
high dimensions

particle-based
resolution loss

perturbative fluid
limited physics X map-level predictions
G, cold dark matter
I small h/m

wave space
full physics
half dimensions

wave dark matter
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' COMPLEXITY IN A WAVEFUNCTION

.

DIFFRACTION OPTICS VORTICITY TRACKING

c W Schrédinger’s Smoke
O s M l c E B Albert Chern Felix Knoppel Ulrich Pinkall Peter Schroder Steffen Weillmann

Caltech TU Berlin TU Berlin Caltech Google Inc.

100

position y [Mpc]

Cusp caustic from 200

laser droplet diffraction
Wikimedia: Dan Piponi S50

0 50 100 150 200 250
position x [Mpc]

by Oliver Hahn

Figure 1: Comparing experiment (dry ice vapor, top) with ISF simu-
lation (middle), followed by a visualization of the underlying wave
function 4. Vorticity is concentrated within the green region.
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Making Dark Matter waves: cosmic web & wave dark matter

Challenge: wave vs. cold dark matter & large-scale structure
large-scale cosmic web skeleton + bound structures

Wave dark matter as candidate & tool

candidate: (ultra-)light particles described by wavefunction
tool: semiclassical limit

numerical: Schrodinger-Poisson, analytical: Schrodinger + eff. potential

phenomena: classical multi-stream = wave interference



" 2D PHASED WAVE EXAMPLE %

.“ ~ :

DENSITY 1+ 6(x,a) = |[¢|°

a=0.044900

position y

0.0

CU, Rampf, Gosenca

-3 -2 -1 0 1 2 3

position X & Hahn 18
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" . MULTI-STREAM REGIME

VORTICITY from phase jumps v=Vo, but V xv #0

L

} -

D=0.0245

sARL UL

rli (XN

= U001

¥
AR AL

CU, Rampf, Gosenca
& Hahn 18
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VORTICITY

small scales large scales

free, ks = kny /8 free, ks = kny /64 Zel'dovich, ks = kny /64
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quantised classical appearance

analog to Schrodinger-Poisson vortices CU, Rampf, Gosenca
2D: Kopp++ ‘17, 3D: Hui++ ‘20 & Hahn 18



SEMICLASSICAL DYNAMICS

correspondence: classical 2 quantum

f(z,p,t) =~ fult(z,1)](p)
I

3+3 dim 3 dim

add coarse-graining 020, 2 /2

fw (x, p) :/(d%dgﬁ exp | (m_f)Q p—P)] fw(z,p)

TOL0p)°




'+ ' SEMICLASSICAL DYNAMICS %

INTERACTIVE PROPAGATION

PT or numerics

h? I
ihQat) = —= Ve + Vegr(z, a))
propagator *
Vit (@) ini
Y (x,a) @ v (q)
phase space *
classical

observables

fw(x,p,a) »




" " CLASSICAL OBSERVABLES % .

PHASE-SPACE DISTRIBUTION

coarse-grained Wigner fw [, h — 0]

d3 —ip-x’

folep) = [ G5 P | V(o + o) bl — )

phase-space info in wave function



" " CLASSICAL OBSERVABLES % .

LLAGRANGIAN FLUID

compare fir[,h— 0] to

fale.p) = [ €45 [z~ a -~ &la) 615 ~ o)

displacement velocity

— usual Lagrangian PT v%(q) = £&(q)



" CLASSICAL OBSERVABLES

LLAGRANGIAN FLUID

velocity beyond v"(q) = £(q)

v(q) = —Vgp(””) — aVV(Q)

2

VVV(Z) vga(lm)

vorticity conserver




" CLASSICAL OBSERVABLES

VORTICITY CONSERVATION
Eulerian: V., x v =0

before shell-crossing
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VORTICITY

phase jumps — vorticity

b= vpeplisut  v=DUTEIT g,

topological defects: rotons

1
27Th C(a)

V¢V-da:‘:n+—n_:0

preserve Kelvin-Helmholtz invariant
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™ PHASED WAVE EXAMPLE

VORTICITY

LPT simulation  propagator PT

OLPT, ks = kny/8,a = 1/3 N — body, ks = kny/8,a = 1/3, NLO, ks = kny/8,a =1/3,h = 0.01

SpUrious




THE SKY FROM ¥ &

DARK MATTER + BARYONS: ICs

PPT initial conditions
for Eulerian codes

evolve one W for
each component
(valid for non-

decaying modes)

Rampf, CU, Hahn ‘20
Hahn, Rampf, CU 20

baryon over-density oy

baryon velocity vy, ,
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S
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density p quasar flux F(p)

real space

redshift space

Porqueres ++ ‘20



' " GRAVITATIONAL DYNAMICS &

Cumulant hierarchy




__ MULTI-STREAM REGIME

VORTICITY

small scales
quantised

large scales
classical

from Kopp++ PRD 17

Viasov
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