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» Ultralight/Fuzzy/Scalar field/Wave/etc dark matter
« Ultralight fields are a generic prediction of string theory

* Model in which we describe the dark matter a single, spin-zero, non-
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e Originally motivated by the core-cusp
problem and other small scale Schive et al (Nature 2014)
structure problems

— core/cusp
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e Originally motivated by the core-cusp
problem and other small scale
structure problems

— core/cusp

— missing satellites

m ~ 10722 eV

Gravitational collapse in 1D
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* Historically this mass range has 2024
received a lot of attention
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-
Ultra light dark matter

 Recent work focuses more on putting a lower bound on the dark matter
mass

* Limit the scope of this review to work on ultralight (fuzzy) dark matter with
implications for structure Hui, Annu. Rev. Astron. Astrophys (2021)



https://arxiv.org/pdf/2101.11735
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Ultra light dark matter

 Recent work focuses more on putting a lower bound on the dark matter
mass

« Limit the scope of this review to work on ultralight (fuzzy) dark matter with
implications for structure Hui, Annu. Rev. Astron. Astrophys (2021)

* Not include but still very interesting and important:
- Ultraultra light dark matter (below 1e-22 eV) Ferreira, Astro and Astroph Review (2021)

- Black hole SR (abOve le-19 eV) Arvanitaki and Dubovsky, PRD 2011  Stott and Marsh, PRD (2018)

- Ultralight dark matter with non gravitational interactions with the standard
model


https://link.springer.com/article/10.1007/s00159-021-00135-6
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.83.044026
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.083006
https://arxiv.org/pdf/2101.11735
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* “Quantum” pressure

et
v? = 47Gp — (k*/2m)?
ry; = 7T3/4(G,0)_1/4m_1/2

Hu et al., PRL (2000)

—


https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.85.1158

Pheno

* “Quantum” pressure Gravitational  Field oscillation
timescale timescale

v? = 47Gp — (k*/2m)?

ry; = 7T3/4(G,0)_1/4m_1/2

Hu et al., PRL (2000)
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.85.1158
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.85.1158
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.091101
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.85.1158
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* “Quantum” pressure
e Solitons

Mocz et al., MNRAS (2017)
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* “Quantum” pressure
 Solitons
- At the center of fdm halos

Mocz et al., MNRAS (2017)
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* “Quantum” pressure
e Solitons

- At the center of fdm halos 5.5x10°

~ (mp/10-23 eV)(x. /kpe)
- Ground state of the halo
potential ((2)
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re = 1.6 'm.gzla.l*’fz (2&3) (1[];?Ii:f ) kpe.
- Mass and radius are the focus e
of a larger body of work

Schive et al, Nature (2014)
Schive et al, PRL (2014)
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https://arxiv.org/pdf/1406.6586
https://arxiv.org/pdf/1407.7762
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* “Quantum” pressure 57 I =1957 Gyrl ﬁ

* Solitons z, | ;
- At the center of fdm halos B

- Ground state of the halo :
potential

- Mass and radius are the focus
of a larger body of work
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=

- Extended work also focuses on !
the impact on solitons
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Painter et al, MNRAS (2023)


https://arxiv.org/pdf/2402.16945
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https://arxiv.org/pdf/2309.05694
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* “Quantum” pressure 1 field, progal
e Solitons

* Density granules

- Halos exhibit ~O(1) fluctuations
In the density

v (kpe)

-10 -5 0 D 10
x (kpc)

Gosenca [, Eberhardt] et al., PRD (2023)

————


https://inspirehep.net/literature/2624449
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* “Quantum” pressure
e Solitons
* Density granules

— Halos exhibit ~O(1) fluctuations in
the density

v (kpe)

- Interference between different
momentum streams in phase space

- Higher energy modes produce

ranules h2 . R (1 + 1)1
d ( V2 +miV(r) + U+

) Bn(r) = Euton(r)

2m; 2m 72

V2V (r) = 47G p(r)


https://inspirehep.net/literature/2624449
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* “Quantum” pressure
e Solitons
* Density granules

— Halos exhibit ~O(1) fluctuations in
the density

v (kpe)

- Interference between different
momentum streams in phase space

- Higher energy modes produce
granules
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extended work
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https://inspirehep.net/literature/2056986
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“‘Quantum” pressure
Solitons

Density granules
Relativistic pressure

U(x,t) ~ Uy(x) + V(%) cos (wt + 2a(x))

G ppy
2 GPDu (%)
m

U.(x) = %TTGA(X)

Khmelnitsky and Rubakov, JCAP (2014)
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https://iopscience.iop.org/article/10.1088/1475-7516/2014/02/019/pdf
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https://iopscience.iop.org/article/10.1088/1475-7516/2014/02/019/pdf

Numerics




Numerics

M M)

- . . 12 111 110 9 8 7
* N-body simulations with altered 0~ 10~ 107 10" 1" 10
. e ———
transfer function =
(.75
1/18 o
z = 1.61my " k/kJeq =
o 0.5
| Lo 1 E
aX|Oncamb kJeq = 9 Tf122 1\11}(}_ """"""" Cold Dark Matter
0.251 = Warm Dark Matte:
. === Interacting Dark Matter
TF (k‘) ~ gese 0.1 — Fuzzy Dark Matter

1+ z8
T 2 5 10 30 50 100

k [h Mpc™

Nadler et al, PRL (2021)


https://github.com/dgrin1/axionCAMB
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.091101
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https://github.com/timzimm/jaxsp

Zagorac et al., PRD (2022)
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https://inspirehep.net/literature/1917646

Halo profile construction

Numerics

* N-body simulations with altered
transfer function

* Eigenvalue decomposition methods

- Solve eigenvalue problem of
Hamiltonian

- Solve for weights in eigenvalue
sum
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* N-body simulations with altered
transfer function

* Eigenvalue decomposition methods

- Solve eigenvalue problem of
Hamiltonian

v (kpe)

- Solve for weights in eigenvalue
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- Sum eigenvectors with random x (kpc)
phase

lmacx €max

b(r,0, ) = Y T Y w; Y8, p) ¢, () et

m=—I[ n



https://inspirehep.net/literature/2624449

Numerics

* N-body simulations with altered
transfer function

* Eigenvalue decomposition methods

- Solve eigenvalue problem of
Hamiltonian

- Solve for weights in eigenvalue
sum

- Sum eigenvectors with random
phase

— Sum can be used for approximate
simulations
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Dalal and Krastov, PRD (2022)


https://arxiv.org/pdf/2203.05750
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ULDM halo density
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Numerics

* N-body simulations with altered
transfer function

* Eigenvalue decomposition methods Schive et al (Nature 2014)
 Full nonlinear simulations




Full field simulations




O
Full field simulations

* Fixed and dynamic resolution simulations
exist

axionyx

pyUltralight



https://github.com/axionyx
https://github.com/auckland-cosmo/PyUltraLight
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Full field simulations

« Complex field on a grid o X
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Full field simulations

« Complex field on a grid o X

 Amplitude and phase have information
about spatial density and velocity

Y(z) = A(z) €@
p(z) = |A(z)[*

h
) = ?V(b(:ﬂ)

y




Full field simulations

 Complex field on a grid

}52

| —1 |
Ouh(z,t) = 5 (Qfm, + mV) Y(z,t)

 Amplitude and phase have information
about spatial density and velocity

* Update the field using unitary operators in
Kick-drift-kick scheme




Full field simulations

,_ —i [ p? |
Oablz; 1) = = ot mV | ¢(x,t)
 Complex field on a grid L
 Amplitude and phase have information bz, t) = (;i(f—m+-mv)ww (= 0)

about spatial density and velocity

* Update the field using unitary operators in
Kick-drift-kick scheme




Full field simulations (2 ) o

Oablz; 1) = = ot mV
« Complex field on a grid L
 Amplitude and phase have information bz, t) = —z( +T?1V)t/hu> (= 0)
about spatial density and velocity i |

* Update the field using unitary operators in
kick-drift-kick scheme (@, t + At)2) = e mVAH 2Ry 0 )

Y(p,t+ At) = (J_ZTm/h"LD(p)
V(x,t + At) = e VA2 (2t + At/2)



Full fleld simulations . -(p

Oy (x,1) = = ot mV) h(z,t)
 Complex field on a grid L
« Amplitude and phase have information bz, t) = ‘“( *mv)t/”q-;(t )
about spatial density and velocity i

* Update the field using unitary operators in
kick-drift-kick scheme (@, t + At)2) = e mVAH 2Ry 0 )

v (p,t + At) = (J_ZTm/h"LD(p)
V(x,t + At) = e VA2 (2t + At/2)

Momentum half step

Position full step



Full field simulations

» Ultralight dark matter approaches cold dark matter on large scales




O
Full field simulations

» Ultralight dark matter approaches cold dark matter on large scales

W(z,t + At/2) = e ™V A2y (2, 1) Y(ip,t+ At) =e zé'm‘At/h”'t_,-’J(;())
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Full field simulations

» Ultralight dark matter approaches cold dark matter on large scales

W(z,t + At/2) = e ™V A2y (2, 1) Y(ip,t+ At) =e zé'm‘At/h”'t_,-’J(;())

ylz) = EV(/)(.’L’) x(p) = hV,0(p)
Y(z) = A(z) €@

m




O
Full field simulations

» Ultralight dark matter approaches cold dark matter on large scales

. B2 ,
D3, + ALf2) = e imVAH2hy (4 4y W(p, t + At) = e~ 13m A Mp(p)

viz) = EV(/)(.’L’) z(p) = hV,é(p)
m | y
Y(z) = A(z) €@

h il = B ,
dui(z) = Evatd)(:r;) O(v) = hV 5?5(;!5([))

h Oyx(v) = hV — /h
Ow(x) = };V(—mV/h) i (v) = » / !
ow(x) =—-VV Opx(v) = =



O
Full field simulations

» Ultralight dark matter approaches cold dark matter on large scales

Classical Schrodinger
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Bar et al, PRD (2022)
Safarzadeh and Spergel, ApJ (2020)

Dalal and Krastov, PRD (2022)
Church et al, MNRAS (2019)
Marsh and Niemeyer, PRL (2019)
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—— Galactic profiles

T Gnd (30} — srong g
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m > 2.1 x 107** eV Schutz, PRD (2020)

CO nStrai ntS m > 2.9 x 107*' eV Nadler et al, PRL (2021)

m > 1.2 x 107*' eV Garland et al, MNRAS (2024)
Constraint by method

 Halo mass functions Porayko et al, PRD (2018)

Matteo et al, MNRAS (2019)|
Rogers and Peiris, PRL (2020)|

Zimmermann et al, (2024)1:
Bar et al, PRD (2022)|
|Safarzadeh and Spergel, ApJ (2020)

Dalal and Krastov, PRD (2022)|
Church et al, MNRAS (2019)
Marsh and Niemeyer, PRL (2019)|

Halo mass func
Powell et al, MNRAS (2023)| Galactic profiles
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1 Granular heating
Nadler et al, PRL (2021)]
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m > 2.1 x 107* eV Schutz, PRD (2020)
( :O nStraI ntS m > 2.9 x 107" eV Nadler et al, PRL (2021)
m > 1.2 x 107*' eV Garland et al, MNRAS (2024)

M M)

 Halo mass functions o \_ ]
1Ql2 ]'[.}Ll 1QLO 10Q 105: 10‘

- Estimate halo mass function R —
from cosmological N-body
simulations with FDM transfer 0.75
function

"""""" Cold Dark Matter
0.251 = Warm Dark Matter
=== Interacting Dark Matter
0.1 — Fuzzy Dark Matter

2 5! 10 30 50 100
k [h Mpc™

Nadler et al, PRL (2021)


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.091101

m > 2.1 x 107** eV Schutz, PRD (2020)

CO nStrai ntS m > 2.9 x 107*' eV Nadler et al, PRL (2021)

m > 1.2 x 107*' eV Garland et al, MNRAS (2024)

 Halo mass functions 15 oA =10-B eV
) ] mypa = 10724 eV
- Estimate halo mass function 10t e § e
from cosmological N-body B T mua =107
simulations with FDM transfer 7 s T

function z " ACDM

éém—?—

t 1044 N

1061 [\

104 100 108 1010 1012 10 1016
M (in M: h'_l)

Garland et al, (2024)



https://arxiv.org/pdf/2403.04956

m > 2.1 x 107** eV Schutz, PRD (2020)

CO nStrai ntS m > 2.9 x 107*' eV Nadler et al, PRL (2021)

m > 1.2 x 107*' eV Garland et al, MNRAS (2024)

* Halo mass functions T — muia = 10-B eV
. . mypa = 10724 eV
- Estimate halo mass function 10t Py
from cosmological N-body B — mya =10V
simulations with FDM transfer % s T
function z " ACDM
- Compare predicted number of
satellites with observations e

104 100 108 1010 1012 10 1016
M (in M: h'_l)

Garland et al, (2024)



https://arxiv.org/pdf/2403.04956

m > 6 x 107**eV Safarzadeh and Spergetl, ApJ (2020)
m > 2 x 10"*"eV Bar et al, PRD (2022)
m > 2.2 x 107** eV Zimmermann et al, (2024)

Constraints

 Halo mass functions
e Cores

—)

Constraint by method

Porayko et al, PRD (2018)

Matteo et al, MNRAS (2019)|
Rogers and Peiris, PRL (2020)

Zimmermann et al, (2024)1:
Bar et al, PRD (2022)|
|Safarzadeh and Spergel, ApJ (2020)

Dalal and Krastov, PRD (2022)|
Church et al, MNRAS (2019)
Marsh and Niemeyer, PRL (2019)|

Halo mass func
Powell et al, MNRAS (2023)| Galactic profiles

" Garland et al, (2024)1

Nadler et al, PRL (2021)]

strong lensing

Granular heating

—— Lyman alpha
Schutz, PRD (2020) PTA
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m > 6 x 107**eV Safarzadeh and Spergetl, ApJ (2020)
m > 2 x 10"*"eV Bar et al, PRD (2022)
m > 2.2 x 107** eV Zimmermann et al, (2024)
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m > 6 x 107**eV Safarzadeh and Spergetl, ApJ (2020)
m > 2 x 10"*"eV Bar et al, PRD (2022)

CO nStraI ntS m > 2.2 x 107 eV Zimmermann et al, (2024)

 Halo mass functions
e Cores

- FDM predicts a soliton core
instead of a cusp

- Semi-analytic (informed by full
FDM sims), or eigenvalue
constructions of these cores
predict rotation curves which
can be compared to data

J = 2048

m=2.3x 102! ¢V

Zimmermann et al, (2024)


https://arxiv.org/pdf/2405.20374

m > 1 x 107" eV Marsh and Niemeyer, PRL (2019)
m > 4.4 x 107*' eV Powell et al, MNRAS (2023)

CO nStraI ntS m > 3 x 107" eV Dalal and Krastov, PRD (2022)

Constraint by method

e Halo mass functions Porayko ct al, PRD (2018)
° Cores Matteo et al, MNRAS (2019)|

Rogers and Peiris, PRL (2020)
* Granules " e o a1, (2020}

Bar et al, PRD (2022)|
|Safarzadeh and Spergel, ApJ (2020)

Dalal and Krastov, PRD (2022)|
Church et al, MNRAS (2019)
Marsh and Niemeyer, PRL (2019)|

Halo mass func
Powell et al, MNRAS (2023)| Galactic profiles

" Gaiond 50 (0 song esing
Nadler et al, PRL (2021)] ranular heating
—— Lyman alpha
Schutz, PRD (2020) PTA
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m > 1 x 107" eV Marsh and Niemeyer, PRL (2019)
m > 4.4 x 107?' eV Powell et al, MNRAS (2023)

CO nStraI ntS m > 3 x 107" eV Dalal and Krastov, PRD (2022)

 Halo mass functions
e Cores

 Granules

- FDM halos have density
granules due to inferring modes

1 flt‘ld, Ptotal

v (kpe)

—10 -5 0 5 10
x (kpc)

Gosenca [, Eberhardt] et al., PRD (2023)


https://inspirehep.net/literature/2624449

m > 1 x 107" eV Marsh and Niemeyer, PRL (2019)
m > 4.4 x 107?' eV Powell et al, MNRAS (2023)

ConStraI ntS m > 3 x 107" eV Dalal and Krastov, PRD (2022)

« Halo mass functions
e Cores
 Granules

- FDM halos have density
granules due to inferring modes

Effects of granules are
sensitive to field spin, number
of fields, quantum corrections o0 Dy

x (kpc)

Gosenca [, Eberhardt] et al., PRD (2023)



https://inspirehep.net/literature/2624449

m > 1 x 107" eV Marsh and Niemeyer, PRL (2019)
m > 4.4 x 107?' eV Powell et al, MNRAS (2023)

ConStraI ntS m > 3 x 107" eV Dalal and Krastov, PRD (2022)

« Halo mass functions
e Cores
 Granules

- FDM halos have density
granules due to inferring modes

Effects of granules are
sensitive to field spin, number

of fields, quantum corrections 0 =5 0 T 0
Spin — Amin et al, JCAP (2022) % i)
Number — Gosenca [,Eberhardt] et al, PRD (2023) Gosenca [, Eberhardt] et al., PRD (2023)

Quantum corrections — Eberhardt et al, PRD (2024)


https://inspirehep.net/literature/2624449
https://iopscience.iop.org/article/10.1088/1475-7516/2022/08/014
https://inspirehep.net/literature/2624449
https://inspirehep.net/literature/2708751

m > 1 x 107" eV Marsh and Niemeyer, PRL (2019)
— »m > 4.4 x 107* eV Powell et al, MNRAS (2023)

CO nStraI ntS m > 3 x 107" eV Dalal and Krastov, PRD (2022)

my = 3.2 % 10722 eV, fom = 0.63
3 0

% ah\OMWﬂ,,, .
g Bl

 Halo mass functions
« Cores
 Granules

- Strong lensing

Power et al, MNRAS (2023)



https://academic.oup.com/mnrasl/article/524/1/L84/7197445?login=true

m > 1 x 107" eV Marsh and Niemeyer, PRL (2019)

Constraints

 Halo mass functions
« Cores
 Granules

- Strong lensing

* Granular over densities
prevent image from forming
observed sharpness

— »m > 4.4 x 107* eV Powell et al, MNRAS (2023)
m > 3 x 107"? eV Dalal and Krastov, PRD (2022)

my = 3.2 x107%2 eV, foum = 0.63
J 1]

AN
e

Power et al, MNRAS (2023)

. e \ .:hl
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https://academic.oup.com/mnrasl/article/524/1/L84/7197445?login=true

m > 1 x 107" eV Marsh and Niemeyer, PRL (2019)
m > 4.4 x 107*' eV Powell et al, MNRAS (2023)

CO nStraI ntS m > 3 x 107" eV Dalal and Krastov, PRD (2022)

150 '
 Halo mass functions 100 ¢
e Cores
 Granules o

- Strong lensing

— Heating of stellar dispersions
=507

-100

-150 ' ‘ ' '
150 <100 -50 0 50 100 150

Dalal and Krastov, PRD (2022)


https://arxiv.org/pdf/2203.05750

m > 1 x 107" eV Marsh and Niemeyer, PRL (2019)
m > 4.4 x 107*' eV Powell et al, MNRAS (2023)

CO nStraI ntS m > 3 x 107" eV Dalal and Krastov, PRD (2022)

150 '
 Halo mass functions 100 ¢
e Cores
 Granules o

- Strong lensing

— Heating of stellar dispersions
. . -5
* Density fluctuations act as

quasi-particles 1001

quasi-particles 150 . ) . .
-150 -100 -5 0 50 100 150

Dalal and Krastov, PRD (2022)



https://arxiv.org/pdf/2203.05750

m > 1 x 107" eV Marsh and Niemeyer, PRL (2019)
m > 4.4 x 107*' eV Powell et al, MNRAS (2023)

CO nStraI ntS m > 3 x 107" eV Dalal and Krastov, PRD (2022)

150 ,

 Halo mass functions

100 -
* Cores
 Granules >0+
- Strong lensing 0
— Heating of stellar dispersions
« Density fluctuations act as >
quasi-particles 1001
e Stars in orbit are kicked by
the granules 00 100 50 0 50 100 150

Dalal and Krastov, PRD (2022)


https://arxiv.org/pdf/2203.05750

m > 1 x 107" eV Marsh and Niemeyer, PRL (2019)
m > 4.4 x 107*' eV Powell et al, MNRAS (2023)

CO nStraI ntS m > 3 x 107" eV Dalal and Krastov, PRD (2022)

t (Gyr)
0 1 2 3 456789
m=2x10""YeV

« Halo mass functions
e Cores
« Granules

- Strong lensing
1x107¥eV

— Heating of stellar dispersions
* Density fluctuations act as quasi-
particles

 Stars in orbit are kicked by the
granules

* Overtime this heats the dispersion
and results in larger half-light radii
than is observed Dalal and Krastov, PRD (2022)



https://arxiv.org/pdf/2203.05750

m > 2 x 107* eV Rogers and Peiris, PRL (2020)
m > 2.1 x 107! eV Matteo et al, MNRAS (2019)

Constraint by method

Constraints
Porayko et al, PRD (2018)
* Halo mass functions Vatteo et 2, MNRAS (2019)]
. Cores ‘ Rogers and Peiris, PRL (2020)

Zimmermann et al, (2024)1:

e Granules Bar et al, PRD (2022)|
] |Safarzadeh and Spergel, ApJ (2020)
B Strong IenSIng Dalal and Krastov, PRD (2022)|
) i ) Church et al, MNRAS (2019)
- Heating of stellar dispersions Marsh and Niemeyer, PRL (2019)]

Halo mass func

Powell et al, MNRAS (2023)| Galactic profiles

* Lymanalpha ,
Garland et al, (2024)!

Nadler et al, PRL (2021)]

strong lensing

Granular heating

Lyman alpha
Schutz, PRD (2020) PTA
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Constraints

 Halo mass functions
« Cores
 Granules

- Strong lensing

- Heating of stellar dispersions

* Lyman alpha

- Prevents formation of structure
on the small scales observed in

the Lyman alpha forest

m > 2 x 107*" eV Rogers and Peiris, PRL (2020)
m > 2.1 x 107%' eV Matteo et al, MNRAS (2019)

10

-30

linear P(k) —
nonlinear P(k) ———
ID flux power

»HIRES/MIKE

e WDM 2 keV
-— - — WDM 3 keV

[— — FDM4x10%¢V v
| FDJM Isv?x Iﬂ’::z FVI‘ ‘.1' '

-

1

10
k (h/Mpc)

Irsic et al, PRL (2017)


https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.119.031302

m > 2 x 107*" eV Rogers and Peiris, PRL (2020)
m > 2.1 x 107%' eV Matteo et al, MNRAS (2019)

Constraints TR "]

- nonlinear P(k) ———
- 1D flux power

% »HIRES/MIKE

* Halo mass functions
* Cores
 Granules

- Strong lensing

— Heating of stellar dispersions

* Lyman alpha

- Prevents formation of structure on the

- WDM 2 keV

small scales observed in the Lyman L vy AR
alpha forest F— — FDM4x10%eV \",
30— FPDMI5.7x10%eVy ", |
— Compare with predictions of Cdm 1 10
simulations with altered transfer function k (h/Mpc)

Irsic et al, PRL (2017)


https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.119.031302

m > 6 x 10~* eV Porayko, PRD (2018)

Constraints N

‘ Porayko et al, PRD (2018)
« Halo mass functions

Matteo et al, MNRAS (2019)|
Rogers and Peiris, PRL (2020)

e Cores

Zimmermann et al, (2024):

e Granules Bar et al, PRD (2022)|
] |Safarzadeh and Spergel, ApJ (2020)
- Strong lensing

Dalal and Krastov, PRD (2022)|
Church et al, MNRAS (2019)

- Heating of stellar dispersions Viarsh and Niemeyer, PRL (2019)]

Halo mass func

Powell et al, MNRAS (2023)| Galactic profies

* Lyman alpha

" Garland et al, (2024)1

Nadler et al, PRL (2021)| Lyman alpha

Schutz, PRD (2020) PTA
o |
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strong lensing

Granular heating

e Pulsar timing arrays




m > 6 x 10~* eV Porayko, PRD (2018)

Constraints

 Halo mass functions
e Cores

« Granules b — (I)0 + (I)C

— Strong lensing
- Heating of stellar dispersions V
* Lyman alpha (I)c St —(I)()
e Pulsar timing arrays

- Relativistic fluctuating pressure



m > 6 x 10~* eV Porayko, PRD (2018)

Constraints

 Halo mass functions

 Cores (I) _ (I)() _I_ (I)C

* Granules

— Strong lensing ’02
- Heating of stellar dispersions
b, ~ —

G

* Lyman alpha (32

e Pulsar timing arrays

2
- Relativistic fluctuating pressure Te ™~ h/mc

— Produces signal that fluctuates on )\C ~ ﬁ/mc
Compton timescale



m > 6 x 10~* eV Porayko, PRD (2018)

Constraints

 Halo mass functions
e Cores
* Granules

- Strong lensing AQ) CI)C(.’E@) — ‘I)c(CUp)

- Heating of stellar dispersions — =

* Lyman alpha
e Pulsar timing arrays

- Relativistic fluctuating pressure

— Produces signal that fluctuates on
Compton timescale



m > 6 x 10~* eV Porayko, PRD (2018)

Constraints

10 S .
* Halo mass functions e
 Cores i -9”';@?2;@ <l
« Granules 07} “"" o
- Strong lensing < 10,5" i o
- Heating of stellar dispersions )
« Lyman alpha ) Dark Matter
0 ' = -6
* Pulsar timing arrays o S reauenes o 10
- Relativistic fluctuating pressure Khmelnitsky and Rubakov, JCAP (2014)

— Produces signal that fluctuates on
Compton timescale


https://iopscience.iop.org/article/10.1088/1475-7516/2014/02/019/pdf

m > 6 x 10> eV Porayko, PRD (2018)

Constraints

Boson mass (eV)

10-10 10-% 10722
 Halo mass functions — FrT s G
—_— req
10-1H - - NANOG KICO R TR TROURUR. UL SN 18-
* Cores _ NANOG:Z:E?:;'DM il
5 == Eq. (7) P bt : =
e Granules ﬁ ol
. w :I
— Strong lensing %
- Heating of stellar dispersions 2 |
=
* Lyman alpha 0
e Pulsar timing arrays

- Relativistic fluctuating pressure

Frequency (Hz)

— Produces signal that fluctuates on
Compton timescale

Porayko et al, PRD (2018)


https://journals.aps.org/prd/pdf/10.1103/PhysRevD.98.102002
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Constraint by year

Zimmermann et al, (2024) |

O u tI O O k 2024 F Garland et al, (2024)]

Powell et al, MNRAS (2023) |

: : 2023E
* Vanilla FDM model is dead Dalal and Krastov, PRD (2022)]

Bar et al, PRD (2022)|
20221

year

Nadler et al, PRL (2021)|

2021 B Rogers and Peiris, PRL (2020)|

Schutz, PRD (2020) |
| Safarzadeh and Spergel, ApJ (2020)

2020

| Marsh and Niemeyer, PRL (2019)]

IChurch et al, MNRAS (2019)
2019
Matteo et al, MNRAS (2019)|

Porayko et al, PRD (2018)
I |
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Constraint by method

O u tI O O k Porayko et al, PRD (2018)

Matteo et al, MNRAS (2019)

Rogers and Peiris, PRL (2020)
* Vanilla FDM model is dead " Zimmermann et al, (2024)!
- Multiple observational probes, Bar et 2), PRD (2022)
. Safarzadeh and Spergel, ApJ (2020)
numerical methods,

phenomen0|ogy rUIe |t out Dalal and Krastov, PRD (2022)
Church et al, MNRAS (2019)

Marsh and Niemeyer, PRL (2019)

Halo mass func
Powell et al, MNRAS (2023)

—— Galactic profiles

" Gaiand o o, (3090)! " crong ensing
Nadler et al, PRL (2021) ranuiar heating
—— Lyman alpha
Schutz, PRD (2020) PTA
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Constraint by pheno

orayko et al, (2018)
OutIOOk Porayko et al, PRD

Dalal and Krastov, PRD (2022)
Church et al, MNRAS (2019)

 Vanilla FDM model is dead

Marsh and Niemeyer, PRL (2019)

. . Powell et al, MNRAS (2023)
- Multiple observational probes, | ———— 1
numerlcal methOdS’ Zimmermann et al, (2024):
phenomeno|ogy rule it out Bar et al, PRD (2022)

Safarzadeh and Spergetl, ApJ (2020)

Matteo et al, MNRAS (2019)

Rogers and Peiris, PRL (2020)

Garland et al, (2024)E —— Quantum pressure

Nadler et al, PRL (2021) - Zolltor;s
- ranules

Schutz, PRD (2020) Relativistic pressure
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Constraint by numerical method

Outlook e 3 3550

Dalal and Krastov, PRD (2022)

| Porayko et al, PRD (2018)
Church et al, MNRAS (2019)

 Vanilla FDM model is dead

— Multiple observational probes, Marsh and Niemeyer, PRL (2019)
numerical methods, Powell et al, MNRAS (2023)
phenomenology rule it out Bar et al, PRD (2022)

Safarzadeh and Spergel, ApJ (2020)

Matteo et al, MNRAS (2019)
Rogers and Peiris, PRL (2020)

Garland et al, (2024)E
Nadler et al, PRL (2021)
Schutz, PRD (2020)

other sims

approx. field sims

semi-analytic/analytic
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Constraint by numerical method

Outlook e o o (3554

Dalal and Krastov, PRD (2022)

« Vanilla FDM model is dead Poravko et al, PRD (2019)
Church et al, MNRAS (2019)
— Multiple observational probes, Marsh and Niemeyer, PRL (2019)
numerical methods, Powell et al, MNRAS (2023)
phenomenology rule it out Bar et al, PRD (2022)

Safarzadeh and Spergel, ApJ (2020)

Matteo et al, MNRAS (2019)

Simulations with Rogers and Peiris, PRL (2020)
altered transfer Garland et al, (2024)1 |
function at correct > Nadler et al, PRL (2021) other S'”;_Sld _

) approx. field sims
mass but not direct Schutz, PRD (2020) semi-analytic/analytic
FDM sims o m
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Constraint by numerical method

Outlook e o o (3554

Dalal and Krastov, PRD (2022)

:Porayko et al, PRD (2018)
Church et al, MNRAS (2019)

 Vanilla FDM model is dead

— Multiple observational probes, Marsh and Niemeyer, PRL (2019)
numerical methods, Powell et al, MNRAS (2023)
phenomenology rule it out Bar et al, PRD (2022)

Safarzadeh and Spergel, ApJ (2020)

Matteo et al, MNRAS (2019)
Rogers and Peiris, PRL (2020)

Use derived relations Garland et al, (2024)!1 |

from full FDM sims at Nadler et al, PRL (2021) other e
approx. field sims

low mass Schutz, PRD (2020) semi-analytic/analytic

Schive et al (Nature 2014) 10-T  10° 108 102 10° 10
mo9g




Constraint by numerical method

O Utl O O k Zimmermann et al, (2024)1:
Dalal and Krastov, PRD (2022)

. . :Pora ko et al, PRD
 Vanilla FDM model is dead yho et (2018)
Church et al, MNRAS (2019)
— Multiple observational probes, Marsh and Niemeyer, PRL (2019)
numerical methods, Powell et al, MNRAS (2023)

phenomenology rule it out Bar et al, PRD (2022)
Safarzadeh and Spergel, ApJ (2020)

Matteo et al, MNRAS (2019)
Rogers and Peiris, PRL (2020)

Garland et al, (2024)E
Nadler et al, PRL (2021)
Schutz, PRD (2020)

FDM simulations at
correct mass but with

some dynamical semi-analytic/analytic
approximation T S (1L I L T RS (VLA 1Y

other sims

approx. field sims
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 Vanilla FDM model is dead

* Wide range of work looking into
extensions of the model
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Outlook

 VanillaFDM model is dead

* Wide range of work looking into
extensions of the model

Model in which we describe the dark matter a single, spin-zero, non-
relativistic, classical field




Soliton effects

O u tI O O k Zero SI Weak SI Strong SI

t=1.957 Gyr t=1.957 Gyr

 Vanilla FDM model is dead

* Wide range of work looking into
extensions of the model

- Self interactions

logio(p [Mofkpc?])

() [Mo/kpCB]

T T T T
0.01 0.1 1 100.01 0.1 1 100.01
r [kpc] r [kpc]

Painter et al, (2024)


https://arxiv.org/abs/2402.16945

Gosenca [, Eberhardt] et al., PRD (2023)
Granule effects

O u t I O O k 108
10 1 field, Protal 2 fields, Protal 4 fields, Protal

107 =
* Vanilla FDM model is dead £ ) - ' o 2

* Wide range of work looking into
extensions of the model
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https://dx.doi.org/10.1093/mnras/stad3482
https://inspirehep.net/literature/2624449
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https://keirkwame.github.io/DM_limits/
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* Wide range of work looking into
extensions of the model

- Self interactions

Soliton and granule effects ; “

VDM

SDM

— Multiple fields/mixed
- Higher spins

Amin et al, JCAP (2022)



https://iopscience.iop.org/article/10.1088/1475-7516/2022/08/014/pdf

Eberhardt et al, PRD (2024)

Outlook

 Vanilla FDM model is dead

* Wide range of work looking into
extensions of the model

- Self interactions
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https://arxiv.org/pdf/2310.07119
https://arxiv.org/pdf/2211.13602
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* Wide range of work looking into
extensions of the model

- Self interactions

Each alleviate some tensions
— Multiple fields/mixed and introduce new pheno

- Higher spins

— Quantum corrections
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 Vanilla FDM model is dead

* Wide range of work looking into
extensions of the model

* Increasingly powerful constraint on
the lower bound of dark matter
models

* Future proofing in two ways

— No direct detections, ultralight
dark matter work is prepared for
the worst case minimally
coupled scenario




Constraint by method

O u tI O O k Porayko et al, PRD (2018)

Matteo et al, MNRAS (2019)

Rogers and Peiris, PRL (2020)
* Vanilla FDM model is dead " Zimmermann et al, (2024)1
|
* Wide range of work looking into extensions Bar et al, PRD (2022)
of the model Safarzadeh and Spergel, ApJ (2020)
* Increasingly powerful constraint on the Dalal and Krastov, PRD (2022)
lower bound of dark matter models Church et al, MNRAS (2019)
. . Marsh and Niemeyer, PRL (2019)
* Future proofing in two ways L
. . . Powell [, MNRAS (2023 . .
- No direct detections, ultralight dark oweZ et COB)] — Galactic profiles
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case minimally coupled scenario Nadler et al, PRL (2021) — Lyman alpha ;
. Schutz, PRD (2020) PTA
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ultralight dark matter constraints at M99
higher masses
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Matteo et al, MNRAS (2019)
Halo mass func
Powell et al, MNRAS (2023) : : Rogers and Peiris, PRL (2020)
—— Galactic profiles :
T Gariand ot (2004).! — sGtrong lensing Garland et al, (2024)1 — g;?tr;tnusm pressure
L — Granular heatin
Nadler et al, PRL (2021) L;ma“n oha ne Nadler et al, PRL (2021) Cranules
Schutz, PRD (2020) PTA Schutz, PRD (2020) Relativistic pressure

L L i T o el ol N | ] L
T T O L 0B TV 0 10T 107 10f 10F 1% 1o
mo2 2o




Resolution




Resolution

* We would like to run simulations
over a large mass range to produce
constraints
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Resolution

* We would like to run simulations
over a large mass range to produce
constraints
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