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Joshua Eby (Weizmann) Probing ULDM with Galactic Kinematics
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DARK MATTER CANDIDATE Z00

MASS DM Candidate Example(s)
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This range: focus of my talk Ultralight Dark Matter
10722 eV yev (ULDM)

(“Fuzzy” DM?)
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1. Represents absolute lower limit of mass for DM candidates
2. Can throw away “halt” of candidates: ULDM is bosonic
» Pauli exclusion: not enough quantum states to “fill up” galaxy with fermions

4 3
W 1094 . Plocal 10_22 eV 10_3 C
0.4 GeV/cm® my, g

3. Large (galactic-scale) eftects on de Broglie length scales

< 1022 eV> ( 10-3c>
Agg ~ kpc X
m¢ (0]

4. Simple: described by classical wave equation

Newtonian Gravity

2

oy \% )
[ (0 o]
o 2y Ve v W

L Self-interactions
Kinetic energy

(ignore here)

=> Can probe ULDM in a model-independent way, using gravity only
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ULDM CORE FURMA‘I‘ION Hui, Ostriker, Tremaine, Witten (1610.08297)

Bar-Or, Fouvry, Tremaine (1809.07673)

» Recent studies: ULDM described by ‘quasiparticles’ with

3
p 5 10722eV 200 km/sec \ > 1 10~%?eV 200 km/sec
Megp R ~ 10° M, Agg ® —— = kpc
(m¢ 0)3 Ny, o mg 6 Ny, (0

» Gravitational relaxation of quasiparticles gives rise to cored structure

Binney and Tremaine, “Galactic Dynamics”

L ". e ®  Velocity change per crossing . ® ':'. Samd
»" 0:‘ ek N G M
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Fractional velocity change

sz 8 InN
Quasiparticle dispersion = Core formation

\

Relaxation to ground state after t,.1,, =~

ln N CI'OSS



SIMULATIONS CONFIRM THIS PICTURE
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» ULDM core = soliton = self-gravitating ground state of axion field

o _ ,
Ve v, (1) M

i = |——— 1tV ~

R "y M

Balance these forces Stable under perturbations and decay
Soliton : Halo (NFW?)
X*(r)
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SOLVING FORSOLITONS ~ voo= (%) r=wimy Vi=myo
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o
r=|-—+V
s oy V| ¥

, V20 = y?
Vng = 47:Gm§ |y |

» Baryonic potentials introduce

(disc-like) background potential Vi0 =y

» QOur work: develop simple algorithm to solve for soliton in presence of
azimuthally-symmetric potential (i.e. include baryons!)
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CLUES FROM SIMULATION: CORE-HALO RELATION
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» (Curious connection between central soliton and host halo:

1/3
0 10722 eV M,
M, ~ 10" M, 02 M

» (Can be recast as

» Which implies (!)

eak\?2 eak~\2
(chgre) ~ (V]]\?]FW)

S
Potential new observable in galactic kinematic data! ,E’m\
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HOW DO WE TEST IT?
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GALACTIC KINEMATIC DATA

» Significant data sets available: e.g. SPARC database

» Over 175 galaxies: disc, bulge, and (sometimes) gas modelling

i 3

i
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ULDM Tests using SPARC:

> Spherical symmetry

> Azimuthal symmetry

> Ideal tests: Clean; DM-dominated; mass range matches simulations

» Test ULDM prediction!
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ULDM WITH BARYONS m, = 1072 eV

T T T

I I
I Kinematic data

80 o Gas velocity UGC01281 | 200 | I Kinematic data |
Disk velocity (Y;=1.07) o Gas velocity F571-8
70 - —— Without Baryons . 180 I} Di§k velocity (14=0.12) |
A=107345 - — T,;=1.07 \TNlt_}Bmllg Baryons
60 — = Te=214 ] 160 || — = Ta=0. ]
T —-—-1;=0.24

A=10702

v [km/s]

+dozens of similar results for other SPARC galaxies

» ULDM prediction of peak velocity in core fails badly in numerous galaxies

» If simulations are correct, 107%? eV < m, < 1072?! eV in tension with data

> Complimentary to constraint from Lyman-a, m; S 1072t ev
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ULDM WITH BARYONS m, = 107! eV

Blue = Core-Halo Relation

T T T T T
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70 it —T=0 ] 1801 —T=0 i
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I I I I I 140 I I b

I |

(0]
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2.5 3 3.5 4 4.5 5 10 15

r [kpc] r [kpc]
» At higher masses, ULDM prediction of peak velocity in core marginally consistent

> Data at the level to constrain roughly m, ~ 10721 ev

» To do better requires <10 pc observations. Difficult!

» Aside: Recent simulation with baryons suggests further core growth

— If true, increases discrepancy with data
14



ANOTHER OBSERVABLE: ULDM FLUCTUATIONS OUTSIDE THE CORE
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» Two-body encounters with ULDM quasiparticles ‘heat’ populations of stars

_3 DU \6
d(fi 02 o) 03( . my 3 OOIE .
— 1 + with T; ., ~ 0.14 Gyr — -
dt Theat 02 10—2leV p 10 X
\ sec )
\ )
» Can be probed in Milky Way Dwarf Spheroidal galaxies!
= B e
15 Fornax|..._ S5 WE=E T Leol
A ff‘fi ! — t=3Gyr
— E —— t=10Gyr
O 5* T : I
% ':7/\1B/2<>§ )\dB%3 ;\—dB/2>§ )\dB4>§ 5 ‘ = NFW Fit
E : 13 1 +— il t ; e :3 ik < A — — : Mg = 10_21 eV
=, Sculptor| ‘ amy =102 eV
< f mmy=10"" eV

» Modifies Jeans analysis; possible tension; depends sensitively on details near Az

15



PROBING ULDM WITH GAIA?

» GAIA measures stellar velocity dispersion in the Milky Way (among other things)
o0

4 6 8 10 12 14
r kpe
» (Can we probe ULDM and quasiparticle ‘heating’ of stellar populations with GAIA?

» Maybe not: Heating effect suppressed due to disc rotation

» Stay tuned to find out!
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» Ultralight dark matter exhibits wave-like dynamics on galactic scales

» Simulations predict solitonic cores with particular mass and density

» Resulting peak in circular velocity not observed in large sample of galaxies
with high-precision kinematic data

» Tension for 107%? eV < My S 1072t ev (depends on simulations)

» ULDM quasiparticles ‘heat’ stellar populations; possible observational reach
to 10721 eV < My S 107V ev

» All such constraints depend on gravity only, and are thus extremely model-
independent

» We can close the 70+ order-of-magnitude space in DM models!

Thanks!

Thanks to Zuckerman STEM Leadership Program for financial support
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NON-SPHERICAL POTENTIALS
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» Baryonic disc potentials introduce non-sphericity
» Shooting method inadequate to solve 2-D equations of motion

» Qur work: successive over-relaxation method to solve 2-D EoM

RoN Iteratively
Input: = 10 " VPO(R.2) = 7(R.2)
D, solve update @
update y o
— = Viy=2(®+®,) x

sol> Xsol
lim )(sol(f) X e_zlw)(sol(o)

T—00

SPARC w/ spherical symmetry

SPARC w/ azimuthal symmetry
19



Joshua Eby (Weizmann) Probing ULDM with Galactic Kinematics

QUASIPARTICLE ENCOUNTERS
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“QCD” axion “FDM” axion

(“Fuzzy Dark Matter”)
m ~ 107 eV and f ~ 10! GeV m ~ 10722 eV and f ~ 10'° GeV

Natural scale Natural scale

M~10""M, M ~ 10'"°M,
R ~ 100 pc

Galaxy
DM Background e

IO W Y00 Simulations give very
o o °° e ®
@ @ @ @ different models for halo

® ® @

e o @ ® @ substructure
o °® ® o

® ® © @

.‘ | l . & Could have O(1) DM

fraction in clumps
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ASIDE: OTHER BOUND STATES

I

Probing ULDM with Galactic Kinematics

|
|

—

V2 , “Transition axion star”
Hl - —%+V )+ Vi ( [ > v Unstable to perturbations
- o oo o
e e o —————————————— ———— ———— — ‘1
) (1 —coslf)
V2 , “Dense axion star”
i = |-tV Viu (117
2m " )+ Vi {1V v Unstable to decay
I EE———————————————————
Y
i ) (repulsive ¢p™*)_
[ = —V +V |l//|2 + V. |l//|2 W « : ,,
| 8 int Repulsive boson star”?

Also stable! See however

%‘ e e e e

22
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Electroweak QCD Mattel‘ / Radiation
29 Transition Transition Equality Today
y
20 10~ sec 1078 sec 10° yr 1010 yr Time
a3 3 —3

29 B 10° GeV 1 GeV 1 eV 1072 eV Temperature
High energy scale f:
Broken global symmetry

. (after inflation)

P

p(fo = 0.1)

(8 = 103 p(fo = 7/2)
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Electroweak QCD Matter / Radiation
29 Transition Transition Equality Today
>
90 10~ sec 1078 sec 10° yr 1019 yr Time
=< 3 —3

50 B 10° GeV 1 GeV 1 eV 1072 eV Temperature
High energy scale f: Lower energy scale: A =, /m,, f
Broken global symmetry Tilt potential, obtain mass

(after inflation)

‘ Axion
p(fo = 0.1)

(8 = 103 p(fo = 7/2)

Miniclusters

23
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A BRIEF HISTORY

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Electroweak QCD Matter / RadiatiOn
29 Transition Transition Equality Today
>
20 1071 sec 10® sec 10° yr 10" yr Time
< 3 -3

50 B 10° GeV 1 GeV 1 eV 1072 eV Temperature

High energy scale f: Lower energy scale: A =, /m,, f
| | | Coherently Oscillating

Broken global symmetry Tilt potential, obtain mass

"I%‘%%%%""‘HIII%%HIIilll‘%‘%%%%%|‘|||H!%||'
p(90 = 01)
plbo =107%)

H(tosc)

Relaxation?

Cooling?

Fragmentation?

AXion

Miniclusters

23

Scalar Field

G)ﬁm¢

Axion

Stars
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FORMATION IN EARLY UNIVERSE (QCD)

Inflation before PQ breaking Inflation after PQ breaking

p(6o)

f 7/6 f 7/6
Q ~ 6y’ Q ~ 6y’
“ <1012 Gev> () “ <1012 Gev> !

Axion
o I socurvatur@
Miniclusters

24
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AXION POTENTIAL

NR Limait:
¢ imt
V(@) f7 [l —cos| — = ey 4c.c.
} / 1 2m
m* . om* ¢ (If 1sreal)
gl T gy
> 412
1-Cosl[6] - )
2t Veff — V(¢) — 745
i ( : -
—m?f2l1=1J v _ﬁ 2_|_@ +imt
1 mef o[\ 2mr2 2|l//| (e="™)
-y
[ E iy " s’
| — = | ——
Y o g\ IV eff \ | W 124
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AXION POTENTIAL

NR Limat:
¢ imt
V(@) f7 [l —cos| — = ey 4c.c.
} f 1 2m
m* . om* ¢ (If 1sreal)
gl T gy
> 412
1-Cosl[6] - )
2t Veff — V(¢) — 745
. ( : -
1 mef o[\ 2mr2 2|l//| (™)
e
[ E iy " s’
| — = | ——
Y o g\ IV eff \ | W 124
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EARLY UNIVERSE OVERDENSITIES
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ORIGINAL AXION MINICLUSTER SIMULATIONS

® © 06 06 06 0 0 0 0 0 0 0 0 0 0 0 0 O O O O O 0 O O 0 O O O O O O 0 O O O O O O O O 0 O O 0 O 0 O O 0 O O O 0 O 0 O O O O 0 O O O O 0 O 0 O O O O 0 O 0 O O 0 O 0 O 0 O O 0 O 0 O 0 0 O O O 0 0 0 0O 0 0 0 0 0 0 o

VOLUME 71, NUMBER 19 PHYSICAL REVIEW LETTERS 8 NOVEMBER 1993
:-—T"'—I“T Y"Y.l T ¥ riT'YvTI L LIL) 100’_1 T ] LENL L LB | mrrrm "7 ML L l LENR
F——-__, N ';,’ [ 2!
| = [ VAR '

?-3 I // \
‘gﬁ o I /
510F = ] A
S . - /
S 1 “10L ,/
b - - /s
" | ~ 5 Ve
z ) - 2| ~
0w pP———e————— - \ -~ ~
o | "] = el
o | S ‘ J ] P L ) .
T | ~aNU S P initial misalignment I
X .\ -o::. ™ 28 -1
1 - e AN g ————— 2.75
. o 1l 2.7 -
. A - ;;xAl 1 1 141111 L L1 " l L1 a4 l a2 1 l P s 8 8 N 1 ) E
0.01 0.1 . 1 1.6 1.7 1.8 1.9 2

initial radius
FIG. 2. Energy density profiles at =4 for identical initial
fluctuations evolved with different Lagrangians. Solid line: ax- FIG. 3. Dependence of density contrast in the center of a
ion case: dashed line: V(8) x 6%/2; dotted line: V(8)«6?/2  fluctuation at 7=4 upon the initial radius of a fluctuation for
+6%/4; dash-dotted line: axion potential with field gradients several values of the initial misalignment angle inside the fluc-
switched off. tuation,

[Kolb and Tkachev, PRL 1993]
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RELAXATION?

> Initial overdensity |
o}
pmc,osc = 50 pbg,Osc : , ’
o -2
° -.g //
> Grows with scale factor 5 |
— _4' A /I
4 o I ! \\ Il
X O S A .
P 0 Prg > [\ @ ®=1200
E —6‘ 1 \ /
c - ! @
L : I ASt
—8_— :'
10 100 1000 10*
R [km]
Boson Star Miniclusters
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BUSON STARS @itaevskii + Poisson @

i
» Nonrelativistic, classical field: ! Normalization
. . Il I
fmsson Graxglty , . m¢J Sriyl=M, |
va=4ﬂGm¢‘W‘ | -
(Attractive)
] -V '
i =tV (1) + Vi (19 ) | v
2m¢

Kinetic energy Self-interactions

For axion potential,

IVy|* 1 ) g
E(t/f)=Jd3r + =V ly P ——— ly [ + =y °—...
2m¢ 2 16m¢ my

a bM, cM, dM:

Y

E
M, R; R, R; RS

-

Large 1‘adius2 . Small radius
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Discovering the Dark Side of the Galaxy

STABLE BOUND STATES Dilute
Dense
» Finding energy minima: 0 Dilute
M < | | |
M, . ~10 pJ P
My, x |
Vi m M3 T 4
~ . (% R :gsé_ 6 ~~~~~~
E a« bM c¢M dM? D
iy _ _ 4 _ ense
M R R R RS ‘
» Example: QCD axion "~ Do s
M~ m 4 feR> =%
— —» P
2 % 0.2 ?  Tncreasin |
Rdilute ~ @(100) km Pdilute ~ m2) f2 f_ S Pwater é : I s
7 P70\ M3 f
M, ~ 6(107 "M, R ]
\Rdense ~ @(10) cm Pdense ~ m; fz ~ AZCD ) X Radllfs i |
. M
> Nuggets of stable, nuclear-density dark matter??  Radiusscale: R~ -
¢
Mp f

» Dense states decay fast to relativistic scalars

Mass scale: M ~

My

30



DENSE: NOT SO STABLE AFTER ALL
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» Recall that axions are real scalars: no number conservation
» Decay to photons: a — yy, small rate if m SeV
» (Can decay through self-interactions:

» On-shell: 4a - 2a >< >< ;<

> Off-shell decays in bound state: 3 a,,,,0 = e,

» 3—>1 dominant, large when |E—m| < 0.998

dM _ 1/\/1 _ (E/m)2 Known from oscillon literature,
X e

d A (bound state of no gravity)
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...ALSO NOT SO NON-RELATIVISTIC
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» Non-relativistic limit assumes field energy E = 6(m)

» Relativistic corrections are legion:

2 4

a. Special Relativity: E, = \/ prem?—mn~ p__ P

2m  8m3
b. Scalar field contains higher harmonic modes:

o= |peE+ e Fl+ | +h.c.
c. General Relativity??

| (thankfully, gravity is small in crossover to dense region!)

32



‘FULL MASS SPECTRUM

10°}

Structurally unstable

106 N to colla
pse \

R[1/m]

Relativistic,

""""" Decays fast '
10000 .- / __________
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Produced with
typical density

Produced in overdense . .
Axion Particles

Hubble patches

Topological Defects
Dilute CDM

Thermal axions

Y

Can relax /
Axion Miniclusters

fragment into

Domain Walls

%)

s,
Cry
&)
C,
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Axion BEC
e,
hep-th

Classical Field
-

Could be

Same
Thing
Axion Drop Same
Thing
Same
Thing
Small Field Values

1

Nonrelativistic

Axion Star
Unstable above M = M, _ Mo R7!

Large Field Values
Special Relativistic

M x R3
..................... o p O ..
. Small Fielq Yal.ues : . . Could be E E ;
Dense Axion Star Nonﬁla‘”gsmc Dilute Axion Star nergy Lxtremuinm
X
A E
< ke
2) =
= )
)
Local Minimum Local Maximum Global Minimum
Short Lifetime A A
(Decay FAST) Transition Axion Star COUpl?d to :
gravity Oscillating :Oscillating
A . Oscillaton M Soliton ‘M Oscillon
Long Lifetime : e S
. e
(Decay SLOW) L T
Is a Axiton -<—>» Pseudo-Breather Is a

Relativistic Axions
\gr-qc J
J. Eby, Weizmann Institute

astro-ph
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