..:00....
et te e  MORTIMER B. ] ) 2 ]b :g T
> ", 0.0.. \z\\\\\ P U plogsiesste
o‘..- -.:, .:\ ":E:'."
e, o0 STEM LEADERSHIP o KA
.... ®oe*
o.’:::;.'

¥ PROGRAM WEIZMANN INSTITUTE OF SCIENCE P { &

Probing Novel Dark Matter Substructure
at Galactic and Solar Scales

Joshua Eby
Weizmann Institute of Science

IPMU APEC Seminar
30/04/2020



LSDM Substructure

Joshua Eby (Weizmann)

Outline

@ Light Scalar Dark Matter

@ Substructure

e ...in Galaxies

* ...in Solar Systems

@® Conclusions
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ig Question

Flat rotation curves

Galaxy cluster collisions

Observations
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particle nature of g
Da rk Matte r? 10 50 MUIE:)F())Ole m?(;:oent, 61500 2000 2500

Temperature fluctuations |
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Angular scale

Large scale structure Cosmic microwave background
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Dark Matter Models

MASS DM Candidate Example(s)
M e
AQ ey MaCHOs Black Holes
— (badly abusing TV YeV Boson Stars
) metric prefixes
'% prefixes) Heavy Bound
S Dark Blobs
—~ States
‘™
& eV Supersymmetry
M WIMPS ]| 1 =
§ (proton mass) GeV Extra® Higgs
g A
%“W 63% g MeV Warm Dark | Sterile Neutrinos
o A C Matter Dark Photons
277 MO e | ¢ Sips
o o o ' 7/: Q
£ /" U vp, 'E -
£ \0" é mey Axions QCD Axions
™ V
T / A A HE <
E== : Axion-Like String/GUT
8 o | Particles Axions
zeV
| ,

I. 10—22 eV/ yeV
Al o [ ] U
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>70 orders of magnitude!

Mg

A

(badly abusing
metric prefixes)

(proton mass)

10722 eV

YYYeV

7Y YeV

TeV

GeV

MeV

keV

eV

meV

ueV

zeV

yeV

DM Candidate

WIMPs

Warm Dark
Matter

Axions

7\

Axion-Like
Particles

Dark Matter Models

MASS

Example(s)

Macroscopic objects

Supersymmetry
"Extra" Higgs

Sterile Neutrinos
Dark Photons
SIMPs

QCD Axions

String/GUT
AXxions

LSDM Substructure

Not particle-like T
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>70 orders of magnitude!

Dark Matter Models

MASS

Mg
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(badly abusing

metric prefixes)

(proton mass)

10722 eV

YYYeV

7Y YeV

TeV

GeV

MeV

keV

eV

meV

peV
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yeV
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DM Candidate

Example(s)

Macroscopic objects

Axions

Axion-Like
Particles

LSDM Substructure

Not particle-like

Can be bosonic
or fermionic

QCD Axions

String/GUT
AXxions




Joshua Eby (Weizmann)

>70 orders of magnitude!

Dark Matter Models

MASS

Mg

A

(badly abusing

metric prefixes)

(proton mass)

This range: focus of my talk

<

10722 eV

YYYeV

7Y YeV

TeV

GeV

MeV

keV

meV

DM Candidate Example(s)

Macroscopic objects

Wavelike Dark Matter

LSDM Substructure

Not particle-like

Can be bosonic
or fermionic

Must be bosonic

Typical occupation number

N~ 1026><<

Plocal > 10_5 eV
0.4 GeV/em’ My
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Light Scalar Parameter Space
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Some high scale: :
* Symmetry breaking 10181
 Compactification i |
« Mass of UV fermions

e ...etc \\\{

“Gene[ically”,

V() = mq%f2 1 — cos (?)
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Light Scalar Parameter Space
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V(@)
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Our Dark Matter Halo

@ In the standard picture,

* Roughly spherical halo
e Virial velocity 6 ~ 107> ~ 200 km/sec

e Local DM density p;.; ~ 0.4 GeV/cm’ - { sun s

*not to scale
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Our Dark Matter Halo
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Based on simulations by Schive et al., 1407.7762 |
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Types of LSDM Substructure

|. Quasiparticles / Granules
2. Axion Stars / Solitons

3. Axion Halos around the Earth and Sun
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LSDM Equations of Motion

@ LSDM is non-relativistic, with high occupation numbers = NR classical field

Expand field in terms of non-relativistic wavefunction: ¢(t,r) = : e y(t,r)+c.c.|
® \/ 2
@® E.o.M is Gross-Pitaevskii+Poisson (GPP) equation:

Poisson Gravity

0
2 I - -
Vng = 47Gm, ‘W‘ : N?rmallzatlon :
- 0
[ — (Attractive) ' om, SriylP =M, :
y
/ 2 I-----------
- . : 2 2
2m¢
o . . o 7 ) '
Kinetic energy Self-interactions
(Repulsive) For axion potential,

I 2 2 2
V(gb)zmq%f2 l—cos<?> =@gb2—i<@> Pt + : (%) $° — ...
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Quasiparticles / Granules

@ Within a deBroglie wavelength, (assuming 6 ~ 107)

1 107 eV 10-PeV 10722V
Aig = ~ 2000 km ~ 12 AU ~ 600 pc

(Earth scale) (Solar system scale) (Galaxy scale)

4
107> eV
have very large occupation /4 ~ 10%° X ( Plocal 3)
0.4 GeV/cm iy

@ [hese patches have random velocities, appear as traveling waves (“quasiparticles™)

® Generic expectation: O(1) fluctuations around background density on distance scales 4,

from constructive / destructive interference of LSDM waves = 0 = . O(1)

Plocal
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Quasiparticles / Granules

@ Within a deBroglie wavelength, (assuming 6 ~ 107)
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® Generic expectation: O(1) fluctuations around background density on distance scales 4,
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The (Very) Local DM Density

c~ 1073 .
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The (Very) Local DM Density

ﬂdB
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The (Very) Local DM Density

ﬂdB

LSDM Substructure

@(t)/Dpwm

0 2 4 6 8
t/1,

Lt 0 e~ AN -
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The (Very) Local DM

Local density roughly

constantb/c 7., , < 7,
—

12

100

1 1 crossing/year

[, |1/year]

0.10

T

10-15 10-14 ‘
m¢ [GV]

~ m¢02 ~ (m¢R )~ !

10713

LSDM Substructure

Density (2)

Local density roughly
constant if signal averaged

over many coherence times
—_——



Joshua Eby (Weizmann) 13 LSDM Substructure

Axion Stars / Solitons

@ At fixed mass M,, GPP equations have a unique™ ground state configuration

0 V?
R -V, (1w ) + v (o) | w

Balance these forces

M2
R, ~ > i
mzg M,
“Axion Star”
| 107 eV ’ 200k
e m
Mass-Radius relation is inverse: M, ~ 10_11M@ :
m2 R
b *

*small caveat: stable ground
state is local (not global) minimum
of the action

and over density is typically 6 = s O(1)
Plocal
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Axion Stars / Solitons

@ At fixed mass M,, GPP equations have a unique™ ground state configuration

0 V?
R -V, (1w ) + v (o) | w

Balance these forces

M2
R, ~ > i
mzg M,
“Axion Star”
| 107 eV ’ 200k
e m
Mass-Radius relation is inverse: M, ~ 10_11M@ :
m2 R
b *

*small caveat: stable ground
state is local (not global) minimum
of the action

and over density is typically 6 = s O(1)
Plocal
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Solving for (Spherical) Solitons

@ Solitons exist along a continuous family of solutions

. _ Vz - 2 w(r,t) = (m¢MP>eiﬂm¢t)((x)
= =gt Ve v Vix=2(@—pu)y 7\ Vi

_ j > 5 V.(r) = m, D)
Vng=4ﬂGm¢h//\2 Vidb =y g !

Simple equations of motion r=x/m,

@ In spherical symmetry, easy! Solve using shooting method
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Solving for (Spherical) Solitons

@ Solitons exist along a continuous family of solutions

— Vv* V2iy =2 (P — y(r1) = (m¢Mp>ei”m¢tx(X)
===+ V| v =2(®—u)y Van
b
: - 2 — 2 Ve(r) = my, ©(r)
V2V, =4zGm h//l2 Vib=x
g ¢ . : : r=x/m
Simple equations of motion ¢
@ In spherical symmetry, easy! Solve using shooting method
@ In fact, all numerical solutions are related, by a scaling symmetry:
Let { y,(x), D,(x), i; } be the solution Then any other solution { y,(r), ®,(r), £, } can be written as
set such that)(l(O) = 1. )(/l(x) — ﬂle(ﬂX), (I)/I(X) — /12(131(/1)6), ", = /12//11

This solution has the property And they will have the properties
2
M R ( 10226V> M,=iM,  R,=a"'R,

M kpc my
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Do Solitons actually Form?

@ Evidence |:Simulations

Projected Density [M, /pc?] Density [M, /pc?]

R
/'/.

£

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
z [pc/h]
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Do Solitons actually Form?

@ Evidence |:Simulations

Projected Density [M, /pc?] Density [M, /pc?]
T
/" ¥ »

.'\\ \
- =

""0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
z [pc/h]
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Axion Earth/Solar Halos

@ A third substructure possibility: Can LSDM be captured by external bodies?

@ At the level of the E.0.M,, configuration is very stable under perturbations (if it forms)

oy V- ) oy V? )
e + v, (1yP) | = = +M+VX< )
ot [ omy 8 v ]W ot [ 2m, e (V1) W

Balance these forces Balance these forces
M2 Mj
R, =~ 5 R, ~ 5

“Axion Star” “Axion Halo”
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Dark Matter in the Solar System

S R, ~ M;
olar Halo * mi M, Earth Halo
DM Background DM Background
Axion Halo Axion Halo
. R, > AU ] R*<> R i
my=10"""+10"" eV my =107+ 107" eV

~ mHz =~ 10 Hz ~ 10 Hz - MHz
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Substructure in Galaxies

[ VAL UL AL OO AR U UL PR AL ULV [V AL AL UL UL U UL U UV A L

Not Coherent Field

Astrophysics

1072 10720 107" 107 107! 10 10 1072 101

mg [GV]
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Look at Simulations again

[a—)

-
[y
w

]
[a—
o

[
o

5)—‘
density p [Mg/Mpc?]

[a—)

o
[SY
o
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Look at Simulations again

@ Emperical” relation between
soliton core and its host halo

X (7“1) Core Halo

'@ Schive etal (2014) |
. | ‘W Mocz etal (2017) | .
0.100p - TN A Schwabe et al (2016)
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The Soliton-Host Halo Relation

Picks out one soliton solution

@ Curious connection between central soliton and its host halo: from the A-family
9 1/3
5 107 eV M, .1,
~ 10°M
sol — 19

@ Tested in the ranges 107**eV < My S < 107%%eV and 10°M, < M, < 101°M

@ Verified by multiple independent simulations
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The Soliton-Host Halo Relation

Picks out one soliton solution

@ Curious connection between central soliton and its host halo: from the A-family
9 1/3
5 107 eV M, .1,
~ 10°M
sol — 19

@ Tested in the ranges 107**eV < My S < 107%%eV and 10°M, < M, < 101°M

@ Verified by multiple independent simulations

(3r) .= ()
M soliton M halo

@ If true, it implies
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The Soliton-Host Halo Relation

Picks out one soliton solution

@ Curious connection between central soliton and its host halo: from the A-family
9 1/3
107“eV M,
M, ~10°M —
sol — © 12

@ lested in the ranges 107%%eV < My S 102" eV and 109M® SM, < 1012M®

@ Verified by multiple independent simulations

(3)
M soliton

@ If true, it implies

Includes NFW-like profile,
flat rotation curve
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The Soliton-Host Halo Relation

Picks out one soliton solution

@ Curious connection between central soliton and its host halo: from the A-family
9 1/3
~ 10°M
sol — 19

@ Tested in the ranges 107**eV < My S < 107%%eV and 10°M, < M, < 101°M

@ Verified by multiple independent simulations
@ If true, it implies

Look for corresponding velocity peak -~ 4 T Includes NFW-like profile,
in central core of galaxies! - - flat rotation curve
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How do we test it!

@ SPARC database: | 75+ galaxies, with disc, bulge, and (sometimes) gas modeling

UGC01281
" Vobs _
6()-' Vbulge - :
- B Viisc B | } } } } l
= Vgas o ' \
| 7 } 1 ‘ NFW part
10 } L] |

v |km /sec]

0 H SR prTTTeTT e masemsesoeenee -

ULDM Tests using SPARC:

/ﬂ l l l i R . ) »DM-only (spherical)

Can we see a peak Ll | ,
in the inner core? | . . . >w,/ Baryons (azimuthal)

r [kpc]
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Solving for (Non- Spherlcal) Solitons

@ Baryonic effects introduce (disc-like) background potential

V2 =2(®—pu)y Vix=2 (<1>+<I>b ) x
20 —
VJZC(D 2)(2 qu) - )(
Simple equations of motion Less simple equations of motion!

® Our work: develop simple algorithm to solve for soliton in azimuthally-symmetric

ntial D, Iteratively
potentia Input: gbﬂfo V2O(R, 7) = y(R, )
, il update ®
update)( a_)(zvzx_2<(b+q) )){

ot ’
Co

2y

e@é’\y

(I)sol’ Asol

lim ,,,() & e=27,,(0)

T— 00
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SPARC example: Soliton with m, = 10"2¢ev

| | |
I Kinematic data

o Gas velocity UGC01281

Disk velocity (14=1.07)

—— Without Baryons
— — Y,;=1.07

Heavier
solitons

Lighter
solitons

Soliton-Host
Halo Relation

No sign of the predicted
peak in rotational velocity!
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SPARC example: S

1

70 |t

80

27

I Kinematic data
o Gas velocity
Disk velocity (Y;=1.07)
— =0
— — YT,;=1.07
—-—-Y4=2.14

UGC01281

2.5
r [kpc]

Final constraint*: m, 2 10~4! eV, gravity only!

LSDM Substructure

oliton with m, = 10721 eV

*If simulations
didn’t miss something
important
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Another Observable:
QP Fluctuations Outside of the Core

@ Stars, moving the the LSDM background, get stochastically ‘kicked’ by QPs

@ QPs can be extremely massive, even with 6 ~ 1:

.
N
77

e

(m 5 0) my, o 001 _633
e  _e _ _ 1 1072'ev \ [ 107
"o © " ’
@ Induces ‘heating’, increased velocity dispersion in population
dﬁi O § 2 6,2( . g, 7 pc3 O
— 1 + with Ti.. ~ 0.14 Gyr
dt  Tpe o2 102l eV p 10 km

SCC

This has been used previously to constrain LSDM
using limits on Milky Way disk thickness; see


https://arxiv.org/abs/1809.04744

Joshua Eby (Weizmann)
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LSDM Substructure

Constraints in Milky Way Dwarfs?

- ~
S N~

aAX [~

: \

5} I
~— f AaB /2 f T : f
E —— diB/ > A AdB_’; : —
~< . 15f Leoll}-._ NS FSculptor o
X _ . = S RN . ~o
-

>\dB/2<>

1)\(113—>:

@ Potential probe

r [pc]
of LSDM in the range 107*! eV

<

{

500

1000

——t=3Gyr
—— t=10Gyr

m NFW Fit
L] m¢ — :_0_21 eV
N me — :_0_20 eV

] me — :_0_19 eV

My S 1072 eV, again gravity only!
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LSDM in Galaxies Summary

@ Simulations predict the formation of a central soliton in galaxies when LSDM
< 107%0eV

N/

0—22

mass is 1 eV < m,

* Soliton-Host Halo Relation tells us the (likely) properties of this soliton

* Translates into kinematic constraint: Peak in rotational velocity not observed in

large sample of SPARC galaxies! Constraint:m7,, = 107%leVv

* Baryons do not seem to spoil the picture

@ Quasiparticle fluctuations in the outer halos ‘*heat’ stellar populations

 Measured velocity dispersion of Milky Way Dwarf Spheroidal galaxies
can potentially probe 107! eV < my < 107 eV
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1015¢
101°¢
:
L D)
102 2 2
0 <
:H/\ @)
T 2,
S =

: Astrophysics

1072 107 1077 107 1071t 10® 10 1072 10!

Substructure in our
Solar System

mg [GV]

LSDM Substructure
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Recall the Picture:

R M}%
* Earth Halo
Solar Halo M3 My,
DM Background DM Background
Axion Halo Axion Halo
—>
R, > AU R, > R,

my=10"""+10"" eV my =107 +10"°eV

~ mHz =~ 10 Hz ~ 10 Hz - MHz
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Constraints on “‘Extra’ Local DM?

MZ_MI

M,

Inner orbit “measures” M, + M,
Outer orbit “measures” M, + M.,

Comparison of the two “measures” M, — M,,
the “extra” mass contained between the orbits



Joshua Eby (Weizmann) 33 LSDM Substructure

Constraints on “‘Extra’ Local DM?

M, 100 ‘ ——
2 E
g 107 o\ ]
M, ® E* 08} i
10—102: 3
12| ;
AT T SRR ST R ol 1 |
‘ 10-17 10-19 10-13 10~ 10~ 10=7

Inner orbit “measures” M, + M,
Outer orbit “measures” M, + M.,

Comparison of the two “measures” M, — M,,
the “extra” mass contained between the orbits
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Constraints on “‘Extra’ Local DM?

Ve | ]
M2 -

M*/Mext

10~19 10~ 13 10~ 11 1079 10~7

mg [GV]

Inner orbit “measures” M| + M_,, Solar System Ephemerides
Outer orbit “measures” M, + M_, (Mercury, Mars, Saturn)

Comparison of the two “measures” M, — M,,
the “extra” mass contained between the orbits
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Constraints on “‘Extra’ Local DM?

Ve | ]
M;

M*/Mext

EETI B AR BN AT B R AR BT B AN R B R
10~ 13 10~ 11 10~Y

mg [GV]

Inner orbit “measures” M, + M, Solar System Ephemerides Lunar Laser Ranging
Outer orbit “measures” M, + M., (Mercury, Mars, Saturn) + LAGEQOS Satellite

Comparison of the two “measures” M, — M,,
the “extra” mass contained between the orbits
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Effects on Experimental Sensitivity

108

¢/dpMm

100+

Increased density:

Experimental signals « ¢

Can be many orders of magnitude
above “naive” local DM density

| (contours: M, IM,, ) Q@\o ?
&
¢?

Solar Halo

1074
1078

1012 |
10~ 1° 10~ 12 107°
mg [eV]

LSDM Substructure
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Effects on Experimental Sensitivity

|. Increased density: 2. Long timescale for coherent oscillation
Experimental signals « ¢ ;
. 10~%eV
7, 2 107 sec (Earth halo)
Mg

Can be many orders of magnitude

above “naive” local DM density my

3
—15
10 107 eV
7, 2 107" sec (Solar halo)

108‘ (contours: M, IM, ) o8

s 10*+
3 10° &
S E

Solar Halo 100 -

100 -
1074 ¢
191012 S ar 1l
1071° 10712 107° 10719 10712 1079

mg [eV] mg [eV]
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Example: CASPEr Electric

@ Based in Boston University

: : SN1987a
@ Search for axion coupling 10-10
P52 N,y NFw R
2 HY . 10_15 ,/’, Q’
@ Induces oscillating atomic EDM signal = 10>y  _~— 7
S 7
superconducting magnetic shield g 10—25 ””””””
magnetometer | 5 .77
(eg, SQUID or coil ,,,,,
10—30
B,
—— Phasel ----- Phase 2
10—35 T B A T TT] B S R TIT! B AT BT BT BT TT! BT B RN T BT RS AT
B*f o 10719 10~ 1071 10~1 107° 1076
1 cos(wy,
mg [GV]

Figure from Alex Sushkov
of Boston University
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Example: CASPEr Electric

@ Based in Boston University

. [ SN1987a
@ Search for axion coupling 10-10
. |
! gd \ /’”/ ,:
4L 2O—¢No,ysNF i | o QCD
2 107 r
@ Induces oscillating atomic EDM signal
superconducting magnetic shield
magnetometer
(eg, SQUID or coil
B,
—— Phasel ----- Phase 2
10—35 AT T T W RIS T T B W T T B W R YT B YT R A S T YT S S S AT B S W T B S AW T
o » 10-6 104 1012 10-10 10-8 106
1 cos(w,
Figure from Alex Sushkov Mg [eV]

of Boston University
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Example: CASPEr Electric

Joshua Eby (Weizmann)

@ Based in Boston University

@ Search for axion coupling [ SN1987a

iz
2

4 >—¢No,ysNF"

@® Induces oscillating atomic EDM signal

superconducting magnetic shield

magnetometer
(eg, SQUID or coil

B: —— Phasel ----- Phase 2

TR

10 -14 10—6

’ 10~16 10 16_]:2'
B, cos(w,t)
me [GV]

Figure from Alex Sushkov
of Boston University
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Effects on Experimental Sensitivity (2)

. go . . . 107 (contours: M, /M
3. Modified velocity dispersion: ( o/ Mext)
. . > 5 arth halo
Some experimental sighals « V¢ g Earth hal
(e.g. CASPEr-Wind, GNOME, ...) %
N 1000 -
Sun halo o
- /7 10 \ \\\“\ |
* [wo components: O e e,
107" 10712 1077
e Wavefunction is hydrogen-like, ¢p(r) x exp(—r/R,) s 1Y)
107,
= V_ 4@ x —,“radial gradient | .
R* E 10
-
. . S
* Experiment, on Earth, moves through axion halo > 1000/
i Sun halo
= V.. .¢ x v, ‘tangential gradient” L f&/\

10~ 10712 107"
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The Effect of the Gradient

@ Nuclear Magnetic Resonance often used to search for pseudoscalar LSDM
couplings, e.g. in CASPEr-Wind experiment

@ Signal is (ng) X ?N

Sy

\ N
<«
111 =
b= - .
L == U
Axion Halo
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Orientation and DM Wind

A

Earth Halo
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Orientation and DM Wind

(V). g X Sy— 0

Earth Halo
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Orientation and DM Wind

(V). g X Sy— 0
(V) X Sy#0

o
ﬂg&
R
\_

A rad \

Earth Halo
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Orientation and DM Wind

(V). g X Sy— 0 (V) qX Sy#0
(V¢)tan X E>N 7& 0 (V¢)tan X §>N — 0
e | T
&Q‘;&\o}@
LN

%ﬁb) rad \

Earth Halo
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Orientation and DM Wind
o

<

(V). g X Sy— 0 (V) qX Sy#0
(V¢)tan X §>N 7& 0 (V¢)tan X §>N — 0
Pr vy
AL
@ y
QO
QD _ L
AN

Arad \
( qu)rad

Earth Halo Solar Halo
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Orientation and DM Wind
o

<

(V). g X Sy— 0 (V) qX Sy#0
(V¢)tan X E)N 7& 0 (V¢)tan X §>N — 0

N~

/ﬁ £

o
ﬂg&
R
\_

(V )rad
(ng)rad

Earth Halo Solar Halo

Signal depends both on detector orientation and latitude!
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Signal Modulation (Solar Halo)

Daily Modulation
Radial Gradient Tangential Gradient
Latitude Effects Annual Modulation
1o mm7#7&7¢757 77777 1 1.0 e > Mainz (Latitude 50°N)
08t N Ny 108 A
:_ /// \\\ / / \\\ _ _ \‘\ I/I / \
- 06 /I \\ /I \\ | — 06’— \\ /
) g | I/I \\\ / / \\\ \: ) 2\% : \ Y I/I/
T 04—~ — ——r— = - 0.4 \ A /
g II / \ \\ /I \\\: 9@8 ‘\\ /I
020y 7/ N\ VY 1 0.2 N/
:\\\ III \ / \\\ /II \\ :I
0.0 4 N 0.0 AVAY
- [T/ 90°N — — 45°N 45°S |7/ 90°N — - 45°N e
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@ Upshot: Sideband analysis in existing axion experiments can distinguish virialized LSDM from

bound axion halos in our solar system
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Conclusions

@ Substructure is a generic prediction of LSDM, relevant over very wide mass range

@ For LSDM at galactic scales:

e Solitons not found in large sample of galactic rotation curves; constrain 1072?eV < My S 10~?teV

e Absence of excess velocity dispersion in Milky VWay Dwarf Spheroidal galaxies potentially probes
1072 eV S my S 1077 eV

@ For LSDM at solar system scale:

e Scalar ‘halos’ bound to Earth or Sun offer novel modulating signals and directional information (if they in fact form)

e Phenomenology interesting! Such halos can be probed even for very small couplings, due to large density and
enhancement to coherence properties (compared to virialized DM)

Thanks!
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Bonus Round
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Light Scalars: Phenomenological Story

@ DM field ¢ with extremely small mass 107%?eV < m, <eV
@ Can have scalar or pseudoscalar couplings to matter
Scalar: | Pseudoscalar:
= gy 12 i.’l‘ 1.,: g¢ n 1 ! 8 \ | 12 i‘)l'
LOgpeet P F,F | £ D TW HF, F" + Td NoyysNF*™ |
1) Equivalence Principle, long-range forces Couplings o 1/f :
2) Oscillation of fundamental constants ‘ 1) Resonant magnetic cavity "
m, —> m,+ g, Pt a—at+g ) | -' 2) Nuclear magnetic resonance
Probe by atomic clocks, nuclear transitions... "5 Probed by ADMX, CASPEr...

“Axions” / “ALPs”

“Dilatons”

“Relaxions”

@ Might couple only gravitationally...!
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Mlnlmlzmg NR energy

Dilute
p | Vl//| 4 1 Axion Stars
E d>r V —
[w] = | o, > ol 16f2 [yl + 288m¢f4 y!°
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Mlnlmlzmg NR energy

Dilute
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| Vi |? 4
V —
om, > Ayl 16lel/fl 288m¢f4|vj|
ER,) a bGM,  cM,  dM;
M, m§R2 R,  mif2R} mif*RS

@ Example: QCD axion
M ~ 6(10~"HM,,
R, .~ O00)cm

7
Pdense ™ ¢ f

QCD

Small R : Balance these forces

Energy Per Particle

Mlnlmlzmg NR energy (2)

LSDM Substructure

Dense
Axion Stars

u M, ~ m2 f2 R

| X ¢ x
0.0
0'2_ Increasing M
04 Dense Axion Stars
2.x106  4.x10°  6.x10°° 8. x10°6 0.00001

Radius MP
R ~

However, very unstable to decay (to relativistic axions)
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Maximum Axion Halo Density
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LSDM Substructure

L Dg,pee+

@ Classic experiments look for long-range force from virtual ¢p exchange
(Effective Yukawa potential)

Ge

Force Range [meters]
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10—16 :

10—21 :

10—26 =

10—31 :
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mg [GV]

» [s there a way to do better??
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Scalar LSDM Couplings

_ &
Z D ge¢ee+Z¢FwF/“”’

@ Classic experiments look for long-range force from virtual ¢p exchange
(Effective Yukawa potential)

Force Range [meters] Force Range [meters]

o* 10t 100 10 102 104 10!! 108 10 102

10—11 u | 10_11 | ‘ ‘ \ w w \ ‘ ‘ i ‘ : ‘
10-16 [ ] 10-16 I
L g TI_I L

| . * -
L 10-21 | ) 10-21 | o
R O
S f
10726 = 10-26 |-
10-31 i | 10-31 i
me [QV] (This is really the goal)

» [s there a way to do better??
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Atomic Physics Probes

g
Z Dg.pee +qu§FWF/’”’
@ Cutting-edge atomic experiments are achieving incredible sensitivity to variation
of fundamental constants!

<5m€) ~ 10~14 (Today) (5_0() ~ 10716
mn, 0/ ox

5 P
om o -
¢ ~ 10718 (Near future) — ~ 10718
m, “ T e
exp
see e.g. Dynamical decoupling 10~%eV < 1 MHz

@® Now possible at high frequency!

Atomic spectroscopy 107" eV < 1 Hz

@ Advantage: direct coupling to scalar field density |¢|=/2pp,/m,
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Sensitivity to Axion Halos

@ Big boost in the presence of an axion halo!

Solid: 10~14
Dashed: 10716

Solid: 10106
Dashed: 10718

Dotted: 1018
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Detect tran5|ent aX|on stars on earth?

(Difficult)

Sx pl RY mqu

local

R, [km]

' P localR ¢
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Solving for Solitons (1.5)

@ The energy in the soliton is

Vwl? @ |wl? M> V2 @2
Ezjdgx[\ vl wf\] 2 Jdgxl a x]ng

2m3 2 | T 4am, 2 2 |3
H) A7 3 Mfz’ M}Z’
Therefore £, = —M, = —u, M, = — 0.476 1 ,and M, ~ 2.06 4
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Do baryons shift the soliton-host halo relation?

m¢ — 10_22 €V

| = = Without Baryons _
-6 || — With Baryonic disk (1=0.9) .

| —— With Baryonic disk (T=2.14)

Soliton-host halo relation

With Baryonic disk (Y=1.07)

UGC01281

my = 10"*'eV

_ Soliton-host halo relation
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With Baryons (T,=2.14)
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