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Dark Matter | heories

Mass of the
DM “particle”
—13 m
keV < m, S 100 TeV 107" Mg S my, ¢
+—)
WIMPs, SIMPs, Sterile Neutrinos, Composite, Macroscopic

(Ultra)Light Dark Matter Dark Matter

Simulations by Schive et al., Phys. Rev. Lett. 113, 261302 (2014)

@ ULDM particles must be bosons Quasiparticles

because phase space density ./ ( X m;l) >

@ ULDM is wave-like on distance scales of order

size of Earth size of solar system size of galaxy

1 10710V 1071%eV 10722¢eV
Ap = ~ Ry ~ AU ~ kpc
m¢ Gvir m¢ m¢ m¢

“quasiparticles” Boson Star
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Searches for (pseudo)scalar particles

g 3 : 57\
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DM for Impatient People

@ Let’s question basic assumptions

* What is the DM density in the vicinity of Earth, really?

arXiv.org > astro-ph > arXiv:1205.4033

Astrophysics > Astrophysics of Galaxies

{Submitted on 17 May 2012 (v1), last revised 29 Jun 2012 (this version, v2)]

On the local dark matter density

Jo Bovy, Scott Tremaine (IAS)

An analysis of the kinematics of 412 stars at 1-4 kpc from the Galactic mid-plane by Moni Bidin et al. (2012) has claimed to derive a
local density of dark matter that is an order of magnitude below standard expectations. We show that this result is incorrect and that it

arises from the assumption that the mean azimuthal velocity of the stellar tracers is independent of Galactocentric radius at all heights.

We substitute the assumption, supported by data, that the circular speed is independent of radius in the mid-plane. We demonstrate
that the assumption of constant mean azimuthal velocity is implausible by showing that it requires the circular velocity to drop more
steeply than allowed by any plausible mass model, with or without dark matter, at large heights above the mid-plane. Using the
approximation that the circular velocity curve is flat in the mid-plane, we find that the data imply a local dark-matter density of 0.008

+/- 0.003 Msun/pcA3 = 0.3 +/- 0.1 GeV/cm3, fully consistent with standard estimates of this quantity. This is the most robust direct
measurement of the local dark-matter density to date.

measurements
at the scale of the galaxy

imply p,...; ~ 0.3 GeV/cm’

“local density”
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6 ULDM from Earth and Space
Outli

This talk: possibility of modifications in the DM very local density
(at the scale of solar system)

. ULDM with mg, < 10" eV has large density fluctuations at these scales
(well-known, will review)
\ane's Pitjev and Pitjeva (1306.5534)
. (very) Local measurements allow p < 104_5:0100211 around 1 AU <
astero; as

Plausible dynamical processes that can capture large ULDM densities
(ongoing work, hints only for now)

. Signals are unique and detectable in terrestrial experiments

Space missions with atomic clocks, motivated for other reasons, may be ideal probe
In range of mg,




So let’s talk about

bound states!
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Equations of Motion

@ Ultralight DM is non-relativistic field of very large occupation number = NR classical field

Expand field ¢ in terms of non-relativistic wavefunction y : ¢(t,r) = : e ™ y(t,r)+c.c.|
® \/ 2 Mg

@ E.o.Mis Gross-Pitaevskii+Poisson (GPP) equation:

Poisson Grav1ty
V2V = 47er ‘1//‘
(AttraCtlve) JBE BN BN BN BN BN BN BN B B .

]
% 5 ' Normalization
Y Ve (117) + Veeu | w r. :
2m¢ g g,EX : m¢ d37"|l//|2 =M* :
]
Gradient energy External Gravitating
(Repulsive) Source

(Attractive)
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ULDM from Earth and Space

Boson Star

Ground-state solution of the GPP Equations

oy V?2 ,
g -V ( >+V 7
1 MBS
X X
Rps? Rps

@ Self-gravitating bound state: gradients ~ self-gravity

2 2 —2
Mp 1071%ev 107 M
Rps ~ — ~ 2000 km
m3 Mys my, Mpgs

“Dilute boson star”




Joshua Eby (IPMU) 10 ULDM from Earth and Space

Boson Star Formation

-~ . -~

(b) £ =0 (¢) = 2000 .

Gravitational relaxation of quasiparticles 1

t

is sufficiently fast for formation to occur ;

Velocity change per crossing

5 GM
ve~ 8N In N

gal 4

Fractional velocity change

Av: 8 InN

Ve 01N
relax — In N Cross

Relaxation to ground

Analytic timescale matches
simulation results!
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Boson Stars in Simulation

ULDM from Earth and Space

/ z'y

;!..'
i 2
-1
02
= - 0
' £r
Projected Density (M. /pe?] Density [M.. /pe’]
0.35
U —
0.30 / I\
o N |
0.25 N
o
10°¢
= 0.20
3

(.05

0.00 " I
0.00 005 0.10 0.15 0.20 0.25 030 0.35

r pe/kl



Joshua Eby (IPMU) ULDM from Earth and Space

H Bound Bosonic Halo

2.0}
’ | Ground-state solution of the GPP equations
density ~ with a source term
B mass -~
Lo "'. radius — o V2
| i = | M V0| w
g2.ext
1§ I | I
25 1. O(‘ "\“ | X —1 X Mext
B | R*z R*
0.5% : @ Bound state with external source: gradients ~ external gravity
N * 2
M5 10714eV M,
Ry ~— ~ AU
| ISR NN mg Mey, Mg Mexq
00— e — ||
0 2 4 6 8 10 M, <M, a free parameter

=N
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The Picture

Mj;
Solar Halo R, ® > Earth Halo
mqb Mext
DM Background DM Background
Bosonic Halo Bosonic Halo

< > < >

10-14ev ’ 10~ ’
e eV
My, Mg

(this talk will focus on solar case) (maybe mention at the end)
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Hints

You. "But can these bound states really form?”

Analytic argument: If QP relaxation occurs (as with boson stars),
resulting ground state is plausibly an bound bosonic halo
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Relaxation to ground state?
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Hints (2)

® Numerical simulation, ULDM (“FDM”) + fixed central potential (“baryons™)

® My = 107%? eV fixes total size of resulting cores (~few 100s parsec)

iV~ 1U |
. 102
— 10° 3 = FDM with baryons — 10% E —
: _ ; )
S CDM with baryons 2 bt
o : —— FDM only o © [
= 10' gas = 10§ 2 100§
2z : 2 : )
2 £ z
GC.) [ (]C_) v 100
3  10° S 10° | © :
5 g £
= L © “
o © g
S 101 S 101 E 10! 3
X E < 2 E
- L -
-2 -2 10—2 I | I r 1 - 1 e 3 221
10 10 10~} 10°

10°

radius [kpc]

radius [kpc]

1.4 1e8
Upshot: 1ok — Egz ::I; baryons
 Baryonic core accelerated bosonic core formation S 10
* Resulting "star” was bound to baryonic core, g matter mass within Aso/4 from the center, where Aap is the
~exponential profile (as we predicted!) ¢ °° e Ceton Bl et o et 2. Th chadi
* If the same mechanism effective in solar environment, ~ | regions represent the corresponding standard devistions.
—> solar halo! ool

4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4 5.6
redshift
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Cloud (210 pc)

Clump (~1 pc)

Hints (3

@ A small fraction of DM around star-forming

Filament
(~0.1 pc wide)

Core (~0.05- 0.1 pc)

Envelope
(~300 - 3000 AU)

Disk and star
(~10 - 200 AU)

molecular clouds can form dense, solar-bound
structure through adiabatic contraction

DM Background

3/2
pa =~ 2 x 10°%p; (%) (4)

GeV Mpwm R\ ~3/2
=~ 0.06 - 5
cm? (IO—IO.MG}) ( ly ) ()

Although we do not predict a specific density of Solar

DM halo DM at Earth, very small initial abundances (a part

in 10!Y) give rise to local densities comparable to that

dragged of the Galactic halo; furthermore, planetary motion lim-

(collapsing) into its on the local population of DM allow densities several

core orders of magnitude higher. Therefore, we find that a

- > ) < > detectable abundance is plausible, though we do not set
region any limits from non-detection.

R..=~0.1pc AU
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So from here, we will assume such
objects can form.

Let’'s move on to
Constraints and Signals
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Constraints: ‘Extra’” DM near Earth

Can measure effective mass nearby
by comparing orbits:

M2_M1

Pmax (7” ) / PDM

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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Planets and Asteroids!

< | IH' h EEEEE >‘ R |< | Tl\}O - Bennu: exceptional tracking data
109 1 1SH—C ; - including dedicated OSIRIS-REx
_ —e—Apophis | mission from NASA
E 107 _ ® _
&— Bennu
- I ¢ ® _
| QL
T~ 5 | ® |
~ = L 2
N—" B -
>< R , i
ide-by-side images from NASAS OSIRIS-REx spacecraft of the robotic arm as it descended towards the surface
CG 1000 B B} of ast:’roid Bennﬁ (left) and as it tapped it to ftir up dust c:nd rock ;or sampletcollection (ri;ht). OSI:?IS-REx
8 touched down on Bennu at 6:08pm EDT on October 20, 2020. Credits: NASA's Goddard Space Flight Center.
= 1 d |
o O . .
10 F % anets asterol - After delivering sample to Earth,
_ will continue toward orbit of Aphophis
(extended mission known as OSIRIS-APEX)
O 1 1 1 1 | 1 1 L1 1 1 1 1 | 1 1 L1 1
0.1 0.5 1 5 10
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Possible Overdensity

Density can be very much enhanced relative to ‘naive’ expectation p, .

Max density at Earth surface

Maximum bound mass fraction

oL N e e e B B B I
i h 10 e 3
_ N 1
E _ X104 E = G E
4 Q \ \ 3
S 10"} - |
Q i E 10—6 L é é _;
\ ~—_ ® ® -
X 107 | " - :
QU _ Solar Halo E 10-8 b .
1000.0 | / -1 1
01 b /it vt WMo e
107 107'® 107 10°'* 107 10°% 107° L0-17 L0-15 L0-13 Lo-11 10-9 L0-7
me [GV] meg [GV]
Solar System Ephemerides Lunar Laser Ranging

(Mercury, Mars, Saturn) + LAGEOS Satellite
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Small Bound Mass Still Matters

R, [AU]
10° 104 100 1 1072
107 £
10° b
=) _
< 3 i
- O
8 S 10° )
2 ~ g
¢ < : M
a 10" Mg ™
1071
10—15 10—13
T)’qu [GV]
@

Justoneextra: © @

or even smaller!
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coherence time of the DM oscillations

@® Can be much longer for bound states!

| —— Earth Halo

year -

month_'

day

Coherence of the Signal

@ Direct detection” experiments for ULDM draw greater sensitivity from the long

10%;
1000}

100!

l — Solar Halo

Virial

10~ 1079

meg [GV]

1O|_15 1O|_13

10~/

\/7_* / Tocal

10

10‘17' B

ULDM from Earth and Space

solar halo

| "1'(')"—15 - 'LI'(')"—M o ",l'c')"_13 o "1'(')';12

mg [GV]

o
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Signals for Scalars

: d
@ Recall the Lagrangian: Z D . 1\; ¢ F'"F,,
P

@ Oscillation of ¢ = ¢(7) induces effective variation of fine structure constant

e\ [ 2P ~15
! 0 * ¢ 107 eV p
a(t) = ay l—da@ = o ~ __ ~6X 10—16da C ¢
MP 0 me MP mq/) Plocal

m
w/ oscillations at frequency @, ~ m, ~ few Hz ( ? )

10-15eV
n=3
Modern optical clocks have achieved
n=2 L 9% < 1p-18
n=1 * VWV %0
AE = hv
- +Ze Future nuclear clock may reach
o 53
— < 10
X0

(though does not exist yet)
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Terrestrial Searches
f [H7]

107° 107* 1073 1072 107 1 10 100
E | | n
10" DM —~
107 F R
1073 E
;EP Tests
107°F .
3 3 .
i~ 10~7 - N
1079k
10—11 é_
10—13 i
3 = = '' AU (Terrestrial)
10—15 Ll Ll T ST Lol L1l Lol 1 IIHE
10—19 10—17 10—15 10—13

g [GV]

ULDM from Earth and Space
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Reaching for the Star

Famous Greek myth of Icarus

ULDM from Earth and Space

Pmax(T)/ PDM

image credit: delcarmat via

r |AU]

For p(r = AU) to be large, we are restricted to My S 3x 107 %eV

What if we could probe p(r << AU) ??

image credit: NASA-JHU-APL

Icarus should have brought a heat shield!


https://www.shutterstock.com/image-vector/icarus-flying-sky-1134821696
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- Topics | Missions ‘Gallerie's_. NASATV | Follow NASA® Dowhl_bads About | NASA Audiences

Parker Solar Probe

Parker Solar Probe Overview Images Videos Media Resources

Follow

v f Parker Solar Probe: Humanity's First Visit to a Star

@ Parker Solar Probe has been operational since 2018

@ Has reached distance of 0.06 AU from Sun (current) sﬁf‘;pb
\\\\
(0.045 AU target) Mercury \:‘jf\\‘l‘\\a

credit: NASA
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Missions in Space

@ International community developing technologies to put atomic clocks in space

NASA Deep Space Atomic Clock
(DSAC)

Cold Atom Clock Experiment in Space
(CACES)

nature

Explore content ¥  About the journal ~  Publish with us v

neture > artcles > article

Article | Published: 30 June 2021

Demonstration of a trapped-ion atomic clock in space

E. A Burt>Z, J. D. Prestage, R. L. Ticelker, D. G. Enzer, D. Kuang, D. W. Murghy, D. E. Rebisen, J. M
Saubert, R. 7. Wang & T. A Ely

Nature 896, 43-47 (2021) | Cite this article

6205 Accesses | 3 Citations 247 Altmetric | Metrics

nature communications

Explore content ¥  About the journal v Publish withus v

Demonstrated stability in space
o 10—14

nature > nature communications > articles > article

Article | Open Access | Published: 24 July 2018

In-orbitoperation of an atomic clock based on laser-
cooled 3’Rb atoms

Liang Liu ™, De-Sheng Lu ¥, .. Yu-Zhu Wang  + Show authors

Nature Communications 9, Article number: 2760 (2018) | Cite this article

8335 Accesses | 63 Citations | 101 Altmetric  Metrics

Demonstrated stability in space
o 10—14

Projet d'Horloge Atomique par
Refroidissement d'Atomes en Orbite
(PHARAO) 11

En
REPUBLIQUE

8 FRANCAISE

" il - - i
— A D IO\ A

ARAC

The interational Space Station's future cold-atom clock

— Al e . . \‘m"w. e - -

To launch this year!
Target stability ~ 1071°

@ Motivations:

* Better time-keeping on ISS
* Improved GPS

* Spacecraft navigation
e ULDM detection??
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107
1073
1072
§ 10~/

Space-Based Searches

f [Hz

107° 10™* 102 1072 107" 1 10 100
I I I
\ o
DM —~ 2
N
r N
N\
N\
S
"+ .EP Tests :
’o' I
(. t
’f‘\\ :
/07'00 [
%0 :E
I”
o
= = ' AU (Terrestrial) NS 0%
o 8
—+ 410 039AU (Mercury) | S
—=='' 0.1AU
||||| 1 1 ||||]4|'I/ 1 1 ||||||| 1 L1 1111l 1 1 ||||||| 1 L1 11111 1 1 |||||!|| 1
10—19 10—17 10—15 10—13
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ULDM from Earth and Space

Lots of work still needed to make this possible!

On the space probe side:
* Too hot for atomic clock? Heat shield enough?

discussions ¢ (—401t040)°C variation behind heat shield
Parker Solar  Maybe cold is more dangerous than hot!
Probe

 Magnetic field variations?
« =100nT variation on ~sec timescales

scientists

On the clock side:
* Need clocks which are
 Portable + Automated
* Lightweight
* Optimized for ‘high frequency’ run
* |deally, nuclear + optical clocks to probe many
couplings
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Ay,

Non-Photon

d, m, o(m,/m,) ¢
_ P
QCZ D ,f ee — / ~ dme,,,—
MP (me mp)o MP
f [Hz]
10° 10 103 1072 107" 1 10 100
10"k DM — e
10—12- \\\\

EP Tests /

H

—

H

AU (Terrestrial)

{ == 0.39AU (Mercury)

10~13
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calar Couplings

< D

dgﬁ 3

b G2 G" — ~
[

107% 1074 1073 102 10~ 10 100
3 | | ! ! ! T g
- DM — gluon :
r 3
r 3
RN
E /07'*, ]
C _,0000"/]/& :
3 C, “.C -
C G{. . /@ :
E- 4(? e Qj)
E 44 .
; 2, . O
3 N e
_E /0\/;.’ 3
g G ;
ér Prrviirt o AU (Terrestrial) %
?_ i 039 A7 (Mercury) ?i
? FTrirrrnruni 01 AU _:: ?

1ol 1 Ll T 7 ““I ““I o
: 3

10719 10~/ 1015 10-13

mg [GV]
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Other interesting implications!

(if there’s time)
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@ Rapid development of quantum clock technologies
in kHz — Mhz range <& m, = {107 - 107} eV

1019

1015

'?8 i
ks 1011 i
QL ,
310
Q B
1000.0}
0.1t

1078 10-16 1014

31

Solar Halo

/.

1072 10710

Uz [QV]

1078

1076

ULDM from Earth and Space

What about Earth-Bound Halos!?

@ Smaller halo size < larger m; < higher frequency
Earth Halo

DM Background

Bosonic Halo
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Searches for Bound Earth Halos
with Scalar Interaction

f [MHz] f [MHz]

10™° 1074 103 102 107 1 107 102 10 1074 103 102 107 1 107 102

L \ I I N I = = I | H\I Iy
] =1 - \ [
[ - = \ 1N

/ Terrestrial

Re (Terrestrial) ™" = 1.9R, (LAGEOS) |3

In Earth Orbit

Rg (Terrestrial)

59.6 R+ (Moon)

IIII III/I/IIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII

10~13

10~ 1 1079 10~/ 10~ 1079 10~/

g [GV} Uz [GV]
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Modified Gradients and “Wind”

Q
: : NN
Some experimental signals &« V ¢ a8
(e.g. CASPEr-Wind, GNOME, ...)
Wavefunction is hydrogen-like, Experiment, on Earth,
P(r) x exp(—r/R,) moves through bound halo —
( \ Cb)rad
= V, 4@ x —,"radial gradient” = V., @ X V. tangential gradient”
\ Ry Axion Halo
107 107
é 105 Earth halo E 105 Earth halo
3 3
§ 1000 S 1000
I Sun halo - ] ! Sun halo
10 L 1AL 10//_4\\\\ | | 10 ] \\\\\\\\\ 10 /§ \ ‘{0'6/\ | \ L L \
107"° 107" 107° 107" 107" 107
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Searches for Gradient Interactions

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

@ Signal is (ng) X ?N

—_— k

?N SN

B
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Orientation and DM Wlnd

(ng)radx SN—>O (ng)rade #* 0
(V¢)tanXSN7éO (V¢)tanXSN_)O

AL
QS”ZZ@@

Arad LY ¢)rad

Earth Halo

. . . . Solar Halo
Signal depends both on detector orientation and latitude!

Daily and annual modulation of the signal!
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Conclusions

@ Boson stars are known to form in many ULDM theories

@ Can the same dynamics give rise to ULDM bound states around other objects, e.g. Solar Halos?

@ YVhat is the plausible range of bound mass? Very local density p,..y 1oca1 =
Ongoing work, stay tuned!

@ If they form, bound bosonic halos give rise to new targets for experiment

@ Gravity-only constraints on DM in our solar system p., ,c, IS crucial (planets & asteroids)

@ Direct detection possibly probe ‘natural’ parameter space for scalars, surpassing EP limits even for

very small bound mass

@ Future space missions can probe small, dense solar halos! Thanks!

This work was supported by the World Premier International
Research Center Initiative (WPI), MEXT, Japan and by the
JSPS KAKENHI Grant Numbers 21H05451 and 21K20366.
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Bonus Round
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— M ) -~
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What is an Axion Star f\>

1 05 L Non-relativistic,
gravity negligible,
leading self-interaction,
unstable to perturbations
decay processes become important

104 “ITransition] Axion Star”,
AT “Oscillon”
Non-relativistic, i :
coupled to (Newtonian) gravity, E 103 -
leading self-interaction, = S
STABLE for M < M., = ]
number-changing negligible

Very relativistic, ¢ ~ 7,

“IDilute] Axion Star”, 107 - - Y b~

1 higher-harmonic corrections to field

“S I't ”, “O '" t b b - -
oliton scililaton Use Klein-Gordon Equation

-
——— 1
-
-
-
- —
- —
=
—
-
-—
-
-—
—
-
—— -
-_— e e s ma w-
L1 1 1 1 | | | L1

| IR N S 1 Integrate out modes of energy 2u,,34g, - - -

104 10° Very unstable to decay
9 T - L INT : ))
M [f /m] Axiton”, “Oscillon”,
“[Dense] Axion Star”
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»[t’s hard! Depends on

I'=n,0v,

e

Plocal "
M, TR 200 km/sec
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o 0 = X Py, lOCal R gb

Plocal
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Transient Signals

1010

_2 102

ULDM from Earth and Space
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CASPEr Electric

(contours: M, /M., )
h ’,’,," SN19874 SN1987a
]5:547‘\\ - ll III”

~~\\ ~\~‘\_ ___’,/// /,I 'l’ D CD

]0\;67‘~~~ //’ Ill QG Q)

}5:§~~~\~ //'
— Phase 1 2 — Phase 2

10_35 Lo Ll L oL Lol L Ll L Lol L L il L1 10_35 D — L B EEE— e P — Ll P EE— Ll — Ll —

10716 10-14 1012 10-10 10-8 1076 1071 107 10712 1071 1078 107°

Mg [eV] Search for axion coupling me [eV]

L9,

£ D 7¢N0ﬂy}/5NF’MU



ULDM from Earth and Space

42

Probing the QCD Axion

; CASPEr — Electric : QCD Axion
10 \ \ \\ i \ \ I H
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- 10—10 \\\\ l"
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Signal Modulation (Solar Halo)

Daily Modulation

Radial Gradient

Tangential Gradient

Latitude Effects

’fé) | fdet’

A

A @

Annual Modulation

Mainz (Latitude 50°N)

solar hour
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A
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/
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/
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\ b/
AL
Vit
— O90°N — - 45°N -———-
10
solar hour

@ Upshot: Sideband analysis in existing axion experiments can distinguish

virialized LSDM from bound axion halos in our solar system

solar hour
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p, [GeV/ecm’]
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Basics of Atomic Clock Searches

Basic procedure:
Compare two “clocks”

Atom transition 1 <—> Atom transition 2

Atom transition <—>

Look for peak in Fourier spectrum

Cavity

at DM Compton frequency

2T ~ ny, = few Hz (

My,

10-1beV

)

“Master equations” that dictate sensitivity:

1. Clock instability / Allen Deviation:

o(T)

27:1/0\/ N, T, min(z, 1, )

Finally limited by uncertainty,
how well do we understand the
theory and physical processes?

2. 5 (mﬁ) = (K, - K,) & (Ina)

N

limited by roberty of
instability or Property
: the clock /
uncertainty

transition

ALLAN DEVIATION (fractional frequency)

10 '°

—_—

thing we want
to measure!

10

10 1000 10 000
AVERAGING TIME (s)
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1

Current and Future Clocks “mimmm=

@ Many clock technologies exist currently. Incomplete summary:

e Microwave clocks: v, ~ few 10°Hz, |K| ~1-3
e Current best uncertainty ~ 10719

e Optical clocks: v, ~ 10°Hz, |K| ~ 0.01 —6
o Current best uncertainty ~ 107!

* Nuclear / charged ion / lattice / molecular clocks:

* Don’t exist yet

o Expectationis |K| ~ 10— 10*

w/ uncertainty ~ 10~

19

Fractional frequency uncertainty
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107"°
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1078 L
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¥ e 9‘ e
@~ T s
Atomic o-. 2%y w
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Osr
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Dynamical Decoupling

Relative frequency oscillations

l

Roo o 02m, ag X (mear)

5 Fiom (1) B )()"Q (1) N o, (V) O flaser (V) _ ((m (1) N dMm.,. (14)) < F (1)
— o m,

fi( )1 B (¥ ., ._/ laser

* Long integration times to get to 10 -18 ~ kHz

* OQOscillation freq. ? Probe high frequencies

(slide by Roee Ozeri)



