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Ultralight Dark Matter with gravity alone
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® |nvestigate very light fields, possibly arising from
misalignment
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® Generically, couplings suppressed by large scale f —>
investigate via gravity alone, m and the fraction
Qa/Qqm being the only parameters
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Ultralight Dark Matter with gravity alone
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® Generically, couplings suppressed by large scale f —>
investigate via gravity alone, m and the fraction
Qa/Qqm being the only parameters
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Kobayashi et al 2017 [1708.00015]

® Cosmology constraints from small-scale suppression,
m2>1x10"2"eV

. Lagué et al 2021[2104.07802]

Teodori Luca | A solitt

halo bound? Looking at the Ultralight dark matter soliton-halo relation



Astrophysics for ULDM
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® Main features: wave-interference phenomena and
inner cored profile, called solitons
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® Main features: wave-interference phenomena and
inner cored profile, called solitons

® Gravitational lensing anomalies; time delays (subdominant ULDM)
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oking at the Ultralight dark matter soliton
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Main features: wave-interference phenomena and
inner cored profile, called solitons

Gravitational lensing anomalies; time delays (subdominant ULDM)

Galaxy rotation curves and stars dynamical heating: dependence on how big the
soliton forms, given an halo, i.e. on the soliton-halo relation

D.M. Powell et al 2023 [2302.10941]
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Astrophysics for ULDM
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® Main features: wave-interference phenomena and
inner cored profile, called solitons

® Gravitational lensing anomalies; time delays (subdominant ULDM)

® Galaxy rotation curves and stars dynamical heating: dependence on how big the
soliton forms, given an halo, i.e. on the soliton-halo relation

p [Mo/kpc?]

® All consistent withm > 1 x 10~%' eV

® Can we understand the soliton-halo relation? Can we use such understanding to
say something meaningful about phenomenological consequences of ULDM?
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K. Blum and LT [2409.04134]
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D.M. Powell et al 2023 [2302.10941] N. Bar et al 2018 [1805.00122]
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Data incoming!
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® Euclid: Cosmology, observing ~ 107 galaxies, across
more than a third of the sky, uptoz ~ 2
® JWST: High redshift universe, precise stellar kinematics

® | SST: wide field of view allows it to observe large areas
of the sky at once, look for transients. Expected orders
of magnitude more of gravitational lens systems

® .. and many more!

Optical Telescope Element (OTE)
Primary Mirror

LSST artistic
Sunshield

Spacecraft Bus _ Startrackers

JWsT
Euclid
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o ULDM essentials

® The many tales of the soliton-halo relation

® A soliton-halo lower bound? Investigate through simulations
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Ultralight Dark Matter essentials

® De-Broglie relevant in astrophysical scales

2 27 10" eV 102kms™’
Adp = — = — ~ 3.8pcC
k mv m v

® Cannot squeeze too much mass in little volume (from uncertainty
principle): small scales power spectrum suppression, plus
formation of cored profiles

® Huge occupation number — classical field

- 4
N~ Pdm ~ 10% Pdm 10~ 2% eV
m(mv)3 0.4GeVem—3 m

1074 /‘ [}
/‘ H .“l . . PYORT) . .
p i W ® In NR limit, we have Schrédinger-Poisson equations
1061 ACDM I
e — i, i iy,
m=10"2eV ‘ %i N \‘ v2
1078 == 5 ‘\,\ i0n) = T om +mdy,
m=10""eV 3 R N
0 —
00 10~ 10~ 100 10! 102 VEO = anG|y]* .

k [Mpe™']

E.G.M. Ferreira 2021 [2005.03254]
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® Ground state solution of Schrédinger-Poisson

mM .
GEt) = —E eI, x=m

2
IZx + O = 2(P + dext — )X

2
20 4“5 = x2
X

LR 1 R S Yo
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@ Schive etal (2014) |
Motz etal (2017)

“I’A"Schwabe et al (2016)

05 1 5

N. Bar et al 2018 [1805.00122]
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J. Veltmaat et al 2018 [1804.09647]
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vz (6)

® Ground state solution of Schrédinger-Poisson
mM,; :
b(X,t) = —= e (X), x = rm
P(X,1) Jar x(X) ,

2
X+ 00 = 2P+ Sext —7)x
2
D+ ~0kd = x?
X
® Schrodinger-Poisson invariant under

- 1 G 2 R ~
= LVATS L F—amR, = Nmt, & = /2
A2 m

which implies

E 1

— = = Invariant
M3 G2m?
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Is there a soliton-halo relation?
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+—+— Simulation data

107 1 1
e (EYM)
® Parametrize the relation as
B
Msol —a |Ehalo| 1
o - 3
= Mhalo Mhalo GZ?m?

® Schiveetal, o >~ 4.1, 5 =1/2.
Intuitive understanding:
kinetic equilibration (N. Bar et
1 al 2018 [1805.00122])

10,2 101 'OE E S, E P
[T/ m sol _ Fhalo
Mso1 Mhalo
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Is there a soliton-halo relation?

10° T
T T L 10>2>70
Pl S Simulation data o T0>z>3.0
-------- (EW™)"? .
M ® Parametrize the relation as
02>2>00 P
x  Single halo (3.3 > z > 0) B
v Msol o |Ehalo| 1
. < o® - 3 2m?2
: ERRT AR 500y ¢ i Mhalo Mhalo G*m
N v g
e ® Schiveetal,a >~ 4.1, 8 =1/2.
‘ Intuitive understanding:
) kinetic equilibration (N. Bar et
10 b 1 ] al 2018 [1805.00122])
) ) ¢ 108 10 1o 1ot
* e " (€)M (Mo) Esol _ Enalo
H.Y. Schive et al 2014 [1406.6586] Mgo1 Mhalo
® On cosmological simulations, the relation is recast with ® Seen in cosmological and toy
GM2 47 pmor® initial conditions (multiple
P m, q . . N
Ehalo ~ rih"]" , Mhalo = %((z) identical solitons)
vir
1/2 ® s this relation an attractor?
M. = ( Ehalo > ~ M1/3
= M= b
Mhal() !
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Soliton-halo for stellar kinematics

Disk galaxies, N. Bar et al 2018 [1805.00122]
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oking at the Ultralight dark matter soliton-halo relation
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Given an halo, one can predict
the soliton size

Rotation curves

GM(r
Vrot(r) = J
B
Soliton-halo relation: velocity
curve has two peaks with the
same velocity

m<1x10 eV
incompatible with data, if
soliton-halo relation works




Soliton-halo for stellar kinematics

Dwarf galaxies, K. Blum, A. Caputo, LT (in preparation)

® Different mass profile affects velocity dispersion
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> s PEIM(S)

52
/oc

p*O’
— r2

® Soliton accretes mass, becomes heavier: soliton-halo relation a

ESO/Digitized Sky Survey 2
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The many tales of the soliton-halo relation

P. Mocz et al 2017 [1705.05845]
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¢ simulations

10

M./ M

1

10
107

107
= = |E|/M?/(Gm/h)?

P. Mocz et al 2017 [1705.05845]
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Toy initial condition: multiple solitons with varying
mass

A different relation

|Enato| \ "/
Me =20 (W

Note: both Schive and Mocz relations hold for an
“halo” with a single soliton in it

Bschive
Mc —1=ag ‘Esol‘ 1
1= hi
M chive M::o] Gsz
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The many tales of the soliton-halo relation

J. L. Zagorac et al 2023 [2212.09349]
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® Symmetric configuration soliton merger: simultaneous
mergers, sequential mergers, different mass solitons
merger; sponge boundary conditions

® Claim no universal soliton-halo relation

® Notice: all above Schive, and mostly between Schive
and Mocz relation; soliton is sizeable percentage of the
halo for all the runs considered



The many tales of the soliton-halo relation

H.Y.J. Chan et al 2022 [2110.11882]
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® Recall
GM? 4T pm or
hal m, .
Ehalo ~ —e sy Mhalo = 7\/”((2)
Iyvir 3

E 1/2

— M., = (ﬂ) - ML/S
Mhyalo
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A soliton-halo bound?

J.H. Chan et al 2023 [2207.04057]
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® Analysis of condensation and evaporation of a soliton in a homogeneous background with maxwellian velocity
distribution (“gas”), scattering problem

Ts
oL < 0.08 = soliton evaporates

gas
kin 2 2
T - 2rnEsol ~ ksol k L T - kgas
sol -— ~ 0.15 5 Ksol ™~ ’ gas -—
3Mso1 m AdB 2m
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A soliton-halo bound?

J.H. Chan et al 2023 [2207.04057]
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® Analysis of condensation and evaporation of a soliton in a homogeneous background with maxwellian velocity
distribution (“gas”), scattering problem

Ts
—sol <508 = soliton evaporates
Tgas
2mEkin K2 . k2.
Teol i= sol ~ 0.15 sol , ksol ~ : -,—gas — gas
3Mso1 m AdB 2m
® Another way of seeing this: if Ai%s < )\3‘;31, gas disrupts the soliton
soliton evaporates  soliton accretes ® Extension to a non-homogeneous halo? Soliton that forms should
have O(1) the temperature of the halo
kin kin Ekin
Thalo ~m halo [ sol ~ halo
Mhalo Mso1 Mhalo

® Schive relation might be close to the soliton evaporation condition,
which would be the actual lower bound
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A soliton-halo bound?

J.H. Chan et al 2023 [2207.04057] 0
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® Analysis of condensation and evaporation of a soliton in a homogeneous background with maxwellian velocity
distribution (“gas”), scattering problem

Ts
—sol <508 = soliton evaporates
Tgas
amekin 2 1 k2,
Tsol := = _sol ~ 0.15 sol ; ksol ~ T Tgas = 23
3Msgo1 m dB 2m
® Another way of seeing this: if Ai%s < )\3‘;31, gas disrupts the soliton
soliton evaporates  soliton accretes ® Extension to a non-homogeneous halo? Soliton that forms should
have O(1) the temperature of the halo
kin kin Ekin
Thalo ~m halo sol ~ halo
Mhalo Mso1 Mhalo

® Schive relation might be close to the soliton evaporation condition,
which would be the actual lower bound

® Try to test it via pseudo-spectral Schrodinger-Poisson solver (no
cosmology!)
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Soliton-Halo relation from many initial conditions

Example: multi-soliton
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Time 0.0 Time 0.452
® Multiple soliton toy initial condition
® Density fluctuations plus secular growth, when to compute the soliton-halo
relation?
0.225
0.200 —— Mocz
—— Schive
. 0.175
Time 0.994 Time 4.521
0.150
N
= 0.125 N
s )
0.100 £=={fFHH]
0.075 —— simulation 107
--=-- Schive
- l 0.050 ---- Mocz
of 0 1 2 3 4
. 10-¢ 10°° 1074
Time [Gyr] EvIM3
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Is the soliton-halo relation an attractor?
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Soliton halo relations, bound systems, with Eiot Soliton halo relations, bound systems, with Ey ® Multiple solitons with same
10° 10° radius, Schive
® Multiple solitons with
- different radii, Mocz
—— Schive relation —— Schive relation
= 10! —— Mocz relation £ 107! —— Mocz relation ® Homogeneous background,
s b Schive s +  Schive Noise
t Mocz + Mocz
t Noise + Noise ® NFW halo initialized with
Eddington Eddington Eddi
ington
10-2 t Collapse 10-2 + Collapse gt
b Noise collapse +  Noise collapse ® Elliptical overdensity, Collapse
107 1074 1073 1072 107 1074 1073 1072 L. .
o
/M 1/(G2m?) EM? 1/(G2m?) Elliptical overdensity plus

noise, Noise collapse
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Summary

® ULDM paradigm can be investigated using astrophysical probes, since soliton formation changes the expected dark
matter density profile

® Estimates of expected soliton size within a given halo are important for such constraints: soliton-halo relation
® Many claims about existence or otherwise of a soliton-halo relation

® |s the soliton-halo relation a lower bound? Soliton evaporation in a gas background suggests the existence of a
possible lower bound also in haloes (non homogeneous)

® We performed many numerical simulations, with different initial conditions, hinting at the lower bound possibility,
and possibly reconciling the different claims in the literature

® Astrophysical bounds on ULDM which use the Schive soliton-halo relation are conservative, if such a relation is a
lower bound on the mass of the soliton.
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Relaxation and secular growth
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® Relaxation time
0.7v/20°m?3
12m3G2p? In A

~
rel —

® Soliton expected two growth regimes (B. Eggemeier and J.C. Niemeyer 2019 [1906.01348])

Mgo1(t) ~ t'/? relaxation regime , My, ~ t'/® saturation regime
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Eddington initialized halos

\ IZMANN
Initialize halos as

0 = (A7 3 VAEK V)T

where oy is a random phase dependent on v, Av is the velocity spacing allowed by resolution in the
simulation, and

6= = / Q$L(@.
V(r)— —, V=—-0+ d(rmax) ,

where Q = /& — V and ¢ is the overall gravitational potential. As target density, we use a
Navarro-Frenk-White profile,

with varying po and rs.
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Other initial conditions
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® Elliptical collapse
(X) = V/Ne™4/2Ri=x /2R, =3 /2R

® Homogeneous background (noise) initial conditions
(W (e(y)) = Cx =) ,C(x) = Ae /"
which can be realized with

(Ak)3 Get3

Z
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Etot or Ekin?

WEIZMANN
INSTITUTE
OF SCIENCE

® Notice that £
=50l 52302, Maop = AAM,
Msol

® The code computes Ep,ot up to a constant (¢ in the code is determined such that (®) = 0). To recover the constant
which makes ®(r — c0) — 0, use

GM GM
¢(R) = q)codc(R) +c= —? — = —7 — (Dcodc(R)

® How reliable? If virial theorem holds, we can think of substituting |Etot| — Ekin
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Energy spectrum
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® Energy spectrum

oo dt’ 3 * (= v / iz,ut/ftu/T2
F(t,w) = 2Re — dBExP (X (X, t+ t')e
o 27
® Soliton arising at energies
oo
W = Wsol + Whalo s Whalo ™~ _47TG/ dy yphalo(r)
re
16000 o 00
12000 o 00 1 200 -
“« 200- m
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