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. DARK ‘MATTER

DARK MATTER MASS

one of the least constrained physical parameters

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

DE Ultraclight DM “Light” DM WIMP omposite ol B

Not DM oo Limit
~ thermal relic _ o
_ _ Fig 1 from Ferreira ‘21
Known particles: Y e- p Higgs
thermal production: hot warm cold

wave VS. cold dark matter
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% . “WAVE DARK MATTER - &

Schive ++4+ Nature Phys. Lett '15

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




" iCoLD DARK MATTER:

PHASE SPACE DYNAMICS

VIasov-Poisson (collisionless Boltzmann, long range force)

O f(x,p,t) ={H, [} AV (x,t) ocffmp,t)dgp—l
— e e—
34+3 dim nonlinear

similar in plasma physics (gravity = Coulomb)

simple ‘cold’ initial conditions: flat sheet
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LARGE-SCALE VIEW OF PHASE SPACE

200 -
— '/ ............. .
(I) g
E O > \
= Simulation ,' credit:
> i Zeldovich / Colombi & Taruya
—200 F Post collapse PT A/
. Multiscale Zeldovich ‘\ L
— Multiscale post coll. PT
- ’ y/
—400 -
: | | I

10 15 20 25
X [Mpc]
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~){'COLD DARK MATTER APPROXIMATIONS

NUMERICAL ANALYTICAL
N PARTICLES 2 FIELDS

effective CDM 1 COMPLEX fluid density &
particles WAVE FUNCTION velocity

wave dark matter

Iimited
features

limited

sampling




SEMICLASSICAL DYNAMICS

correspondence: classical 2 quantum

f (+m ,+p~, t)imfh W _?( N ’____t) ] (p) CVL: gj‘f);ilcz i&: ias:e r'93

3+3 dim 3 dim - Fohys

small scale
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

——— o em——

mean field might not be full story: Kopp et al. 22, Eberhardt et al. ‘22
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multi-stream translates to

50: | a=1.08 ;-'

density oscillations ?

Y o Vi + dexplio /Al o

26.0F

25.5;

_ 25.0;

phase jumps § s
24 0¢F

23.55
23‘0;.................... -

0.0 0.2 0.4 0.6 08 1.0

x [Mpc]




_ 1D WAVE NUMERICS

SEMICLASSICAL DYNAMICS

classical =
f(@,p,t) = fult (@, D)](p)

Ox0p <

quantum

+ coarse-graining

multi-stream
— bound structure

CU, Kopp & Haugg PRD '14
2D: Kopp++ PRD '17

> 1/2
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a=2.6
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— \\
U |
P [
o - ,".' -"‘ ’
S 0. /
— { ‘ .
> » ‘\' “'
) ‘l
N — [ \ \.
O NN
o -2.} AN
> |
—4. o | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

~4 -2 0 2 4
comoving position x [Mpc/h]




\ P p el . i i iy 12 Aria .. ‘ ' “, i
JONE'WAVEFUNCTION TO RULE THEM ALL?

NUMERICAL ANALYTICAL
N PARTICLES 2 FIELDS

1 WAVE FUNCTION

Li, Hui & Bryan 18:
naive wave PT
no good




* . ‘CLASSICAL DYNAMIGS

APPROXIMATE: SHOOT PARTICLES

follow initial gravitational potential

v(g,a) = —Veii(q)
x(q,a) = q — aVe(q)




" . “CLASSICAL DYNAMIGS

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) 2D & 3D: )
+ tidal effects ‘_‘_’

q: Lagrangian (LPT)
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. "CLASSICAL DYNAMIGS = %

FREE PROPAGATION

classical action

1 €T —
SO(maqaa) — 5(213 _Q) ' q 1

background expansion

CU, Rampf, Gosenca & Hahn 18



" " SEMICLASSICAL DYNAMICS & .

TRANSLATE FREE PROPAGATION

transition amplitude

7 .
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

=~ Zeldovich approximation turned Eulerian



" CLASSICAL OBSERVABLES & ___

EULERIAN

density p(x) = |¢(w)|2 = /pexpligy/h

velocity v(x) = 2271 wvzﬁw—';?VQﬁ l Vo,

not necessarily potential

+ velocity dispersion, ...



FREE WAVE EVOLUTION

Amplitude: brightness

Phase: colour

Features

® |nterference

® Regularised caustic

0.0

0.0

1.0

s 1.5

2.0

2.9

3.0

, ,,l’lllmlll

f
"

,/ﬁ:.s."'\\\. -

I
i ":':‘:‘:‘:':‘. ll i\
I 1

*l
\

|
l\l

\\

WA
I} l'l'nnn'l \! l\\“ ‘\\\\

7 Uhlemann++ 2018
Gough & Uhlemann 2022



UNWEAVING THE WAVEFUNCTION

stream
components:-

|/ i '|':'|':'|' \\ﬂ

i
A,

’ /f"" ','n’,'i:":."."u!' "‘:\\\ ‘
("

I’/’ M ”1 |'llmllil '\1\1‘\\

Il Wl

(regularised) caustic
classification

Gough & Uhlemann 2022



&

Dark matter

Optics

'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''

||||||||||||||||||||||||
n ALY '-I \ Il. I'| ALY Ve  Havuiiiiiiiiin i

,,,,,,,,,,,,,,

0.9

. Multi-streaming Interference

Ray optics Wave optics

. -
N - . ™ — :
-

2.0 / M, | What is interfering?
' ’Jl ,fl'll'lllilll
55 | /;!/" iy

(A :

| V| |

) M fiiae L >
W AN

30 I .J "hIJ.“I}““”.‘li”.l;m“ \1 \ Berry’ Nye’ erght ‘79

7T 7T
T 5 0 > T
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»* UNWEAVING THE WAVEFUNCTION

Based on propagator

b(z,a) ~ / dq Ko(q z, )™ (g)

\————
exp| 7 ¢ (q;z,a)]

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

e ——— ——— e e — e e ————————— — o _ = == = n — = = ==

U
|
|
—

ﬁ(
g where ('(q) = 0 dominate integral

i

0.0

0.9

1.0

S 1.5

2.0

2.9

3.0

Stationr pse !

Gough & Uhlemann 2022



* STREAM WAVEFUNCTIONS

® classical trajectories interfere!

® recover classical multi-stream from interference

Gough & Uhlemann 2022



“NON- POT E]\fT]AL VE LOCI;TY |

40 -
35 -
¢u /T 30 -

20 -

® Phase jumps

at zero density
20 -

15
20 -

e |/ captures beyond - - u u

.t t |

’ /f’ 'l linll A\ ‘

ﬂ,'
/ JI ]

perfect fluid! P -

* Get effect of stream averagmg W|thout epr|C|t dlssectlon of streamsI ]

—_———————— P — s — —  —————— —

Gough & Uhlemann 2022
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~ . VELOCITY DISPERSION

0.0
® \elocity dispersion 05 - .
' —3.0 —1.5
-
— V< ln 1.0 -
A P
e sourced by density zeros & phase jumps =~ %°
e beyond perfect fluid in oscillatory y 207
w ~ wavg X whidden 2:0 7
/ \ 3.0 !
Fluid part Oscillatory v

Gough & Uhlemann 2022



2D PHASED WAVE EXAMPLE &

W z

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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* 2D PHASED WAVE EXAMPLE &

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

D=0.0245
UK
200 4 - (,.0010
| M) ‘
r AR L UL
10
= 0010
IRLUE
. 100 , | 0 CU, Rampf, Gosenca

& Hahn 18



" 2D PHASED WAVE EXAMPLE "%

g L A P - .
5 » ) .

VORTICITY

small scales large scales

free, ks = kny /8 free, ks = kny /64 Zel'dovich, ks = kny /64

a E
SRR e e oe . .
. -
. * eg 35 .
.‘ e .. o o» .o ® o ’.
N o o .0 ® .o. 3 . ® o

l‘.‘" .. . s oo o060 A 2 .. "‘:.
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| B Lo - L/ - ™ s . s, :
Le - .. . ."o.’o ? * * . o'.ct'. % e ®s &a ‘ ‘

% '.0.; ® e K . :..'. 3
ae - ‘... ..’." ... :. .: ......- ..‘ - e

. . . 5 ee 0 e " -

@ - = =l B =
% © :.'D S 22 .Q.z _ 2
° ." .. .. > ey C» o .. .. .3. .
e, .. % 0:.... .o .....o R .. o
. B - -

o . ... .‘. . ..‘ .’.:3’353;.;::.. '.. -4 :. ... o v . .

., B - o™ 1 e o - P e
e e o ; : * .. s:.':o .' v s ; ® * 'Y ‘ §
| L .'0 B a & T, % o — ... o0

¢ ade i . ’ ’ . M AL
* . o -
& © . 1

.':.. ¢« o 07 e . o 0.:: . .
* El

quantised classical appearance

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



-~ CONCLUSION: THE SKY FrRoM W

A NEW LAYER OF LARGE-SCALE STRUCTURE

phase space velocity
high dimensional

pa rticle-based :: hydro simulation initial conditions:
: . Rampf, CU, Hahn 20
resolution loss tion Hahn, Rampf. CU 20

Lyman-« forest: Porgueres ++ '20

perturbative fluid
limited physics X

map-level predictions
* cold dark matter

I small h/m

wave space
wave dark matter

full physics
half dimensions
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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.



SEMICLASSICAL DYNAMICS

correspondence: classical 2 quantum

f(.p.t) = fult(@.1))(p)

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

- (%.9-49)

CU, Kopp, Haugg PRD 14



. KEY IDEA

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)°




CUMULANT HIERARCHY

1-particle distribution J—
3
n=0 n=1 n=2

density, velocity, velocity dispersion, ...

T
9,0 ~ v .0t 4 N7 olnt=lsh g olsh
|S|=0 3
similar to BBGKY hierarchy of n-particle distributions 4 8




KEY QPRQBLEM" 1

CUMULANT HIERARCHY

infinite & coupled -
0,0 ~ vy .t znj C(n+1=18) v o(Sh ;.,_....«
.

2N

Pueblas & Scoccimarro 08

analogy: Gaussian is only PDF with a finite set of cumulants




. KEY IDEA

CUMULANT HIERARCHY

infinite & coupled B
0,0 ~ v . cntl) Z C(n+1-18D) g oISh) i
|S|=0 [
approximate closure B -
C"=2) = F[C®,CM]  cuicar 18 a -
linear functional F
5 deformation quantisation?
((n+2) _ & \vA vl small parameter
4

analogy: lognormal PDF higher cumulants given by lower ones



INTERACTIVE PROPAGATION

PT or numerics

h? l
Z.haaw — 5 V%b —+ %ﬁ({E? CL)w
propagator *
Veff(m) 1ni
¢($7@) @ ¢ (C])
phase space *
classical

observables

fw(z,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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~  MULTI-STREAM REGIME % .

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



_—

VORTICITY

LPT simulation  propagator PT

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




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 velocity vy, , | ‘!

»

r h & 0 2
) s : ——

‘ bar};Qn'CDM difference 8. *

Nir il B A st
‘h".-’d1 *

Mg S g

04 |[#

 baryon-CDM ratio (1+ &)/ (14 &) -

po T g 1]




density p quasar flux F(p)

real space

redshift space

Porqueres ++ ‘20



FUZZY DARK MATTER CONSTRAINTS

Lyman-alpha forest: light absorption by hydrogen gas
within the intergalactic medium at high redshifts

simulation & plot from Vid Irsic



FUZZY DARK MATTER CONSTRAINTS

lower mass limit by Lyman-alpha forest

@)
C
'C
3 &
wn ~
3w
O &3
« N
@ e
—1
P 10
+ 9 1 e
@ —_—
C
Q
b XQ-100 — Dbest fit _
U u MIKE ~ ----- mepy = 10 X 10_22 eV 2z = 3.0]
+  HIRES fuzzy DM N L —ap
1077 101
k [km™s]

scale: large to small credit: Irsic ++ ‘17



'+ " GRAVITATIONAL DYNAMICS &

Perfect fluid perturbation theory

Continuity a0, = —=V|[(1 +9)V ]

A
Bernoulli a0, A¢ = 5 (V¢)2 — AV x =4

determine linear solution
o(T. k) = (7)o, (K
& plug back in (7 k) Za (7)0n (k)

mn

&’p,...d°p,

5n(k) — (271')3(”_1)

op(k —p1..n) Fu(p1,. .., Pn) 61(p1)...01(pn)

get recursion relations



'~ " GRAVITATIONAL DYNAMICS &

Cumulant hierarchy




Schrodinger-Poisson inspires
closure of cumulant hierarchy

Cora Uhlemann, DAMTP Cambridge

Schrodinger method

Schrodinger-Poisson equation o(x,t)
. R /_/A
thow)(x,t) = Hy(x,t) AV (x,t) o |[¢(x,t)|* —1
I ———— - - — —e— e
self-gravitating field
d3~ I ~' o ~ :
fwl@p) = [ e 20| (@~ )i(@+a) ¥ = ypexp(io/h
(27h) - h ;
BRI . -~
Features

e same # degrees of freedom as fluid
e fluid model as limit h — 0

e no singularity

e nonzero higher cumulants

h as free parameter

Problems
e not manifestly positive
e time evolution not quite like Vlasov

cure: add coarse-graining 0,0, 2 h/2

- By [ (@-@)? ()P, - -
fW(CU7p)_/(ﬂ_O_xO_p)3 CXPp 20-323 Vo _fW(m7p)

N



N''§3 Quantal methods for closure of
classical cumulant hierarchies

Cora Uhlemann, DAMTP Cambridge

Quantal method: Lessons

Closing a cumulant hierarchy with finitely generated cumulants

o Idea: finite # of fundamental functions rather than finite # of cumulants

| N Ny, O"InG|J
G[J] — /dsp CXP [Zp ' J] f’ 02(1)7% = (_Z) 0.J; 8[J]
TIEE in | J=0

e cumulant generator = (linear) operators on fundamental functions

InGJ] = On(J)Inn +1i04(J )¢

e Idea: make evolution for higher cumulants automatically fulfilled
HnGlJ, @] = —— (V- V,InG+V,;nG-V,InG) —imJ - V,V
a=mm

e given initial conditions & evolution for lower cumulants

—1
6‘tlnn:2—[v2gb—|—V1nn-V¢} O = 4

1
, -
a“m a“m | 2

(V)® + CN'(Q)} —mV

e Schrodinger: one wave function to rule them all

In G|J| = cosh <§J - V> In n(x) - 2; sinh <§J - V) o(x)
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" . MULTI-STREAM REGIME
VorTiciTy  Viasov.  Schrodinger

— I{iTI

|"'_'L.| -[.T_.II_III ™ "|'_"'|"': _j'_'l""l""l'_ ]
Vi L—ﬂ.[l{ll a= 0.5 :v}{.!-i" —D.ggl a= 0.5 :
&

1 L
17.5 ] g

small scales o e g
quantised s i (N

14+

—

[
¥
I

1.1F

10F B

09F

O8F

5 1Vxut “XEN0035 a=05 |

large scales iiE
classical e

10F

09F

from Kopp++ PRD 17 |




