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Abstract: A dark matter candidate lighter than about 30 €V exhibits wave behavior in a typical galactic environment.& nbsp;Examples include the
QCD axion as well as other axion-like-particles. We review the particle physics motivations,& nbsp;and discuss experimental and observational
implications of the wave dynamics, including interference substructures,& nbsp;vortices, soliton condensation and black hole hair.

Pirsa: 20110006 Page 1/25



Pirsa: 20110006

Wave C1ar1< matter

Lam Hu

S| ; ; ;
_Olu Iﬂblfi A IF’IE\,"{‘_‘.F—:’BJ{TL}

V‘v’rt'}."']( dc'mci W|t]’7
Jerry Ostriker, Scott Tremaine, Edward Witten 1610.08297

Xinyu Li, Greg Bryan 1810.01915

Dan Kabat, Xinyu L1, LLuca Santoni, Sam Wong  1904-.1280%
Austin Joyce, M ichael Lanc ry, Xinyu L1 200401188

Xinyu Li, Tomer Yavetz

Page 2/25



Rich evidence for dark matter - from its gravitatiorm| effects

© DLjﬂﬂmiCé']] measurements.

@ L"}rax-fitationa| 1en5ing measurements.

) . ) }'inctL;:‘,tr::h Yee, Gladders
Growth of Perturbahons. e
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We have rich evidence for the existence of DM, but

F&ﬂuﬂﬂ[gjkjﬁﬁﬂtéﬂ?OLﬁitS}ﬁJSKIFWtﬂDCFﬁESCLEQEﬂBSS:
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What we do know: mass ﬁc‘:nsmj In solar 17€[gh}ji)l'h()i)d 15 0.3 GeV /cm®

_ ; gl s s : : ; 5
(_.EUCSETIL}H: at \-"\-’I’laf_ mass is the IﬂtCI_PHE't]C[C 5CPE'3F_E_-‘1J[TIOH < CJC’.. E’H’Og[it“, W’[i\-’f‘.]f_‘.ﬂ%‘ti‘l .

(1/mv)
wave rctg-;fm & m < 30eV
-

1/mv~10"%cm for m=10eV

100ecm for m=10"%eV

100pc for m=10"%2eV

bozaonic
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Particle Phq:sic:s motivations

Wave &}jna mics and Pl’acmomenob‘gl{i]

,-»ﬁ\fatr()]'_vhyﬁic,;a[ imPIicaticmﬁ t:u|tr[§~li‘%t1tf DM)

Experimenta[ iml;)licaticm:a g!:gﬁt DM)
1/mv~10"2ecm for m=10eV

10cm for m=10"%ev QCD axion
100pe for m=10"%*?eV Fuzzy DM (Hu, Barkana, Gruzinov)
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Particle Pl’]t}ﬁi(’.ﬁ motivations

A natural candidate for a ]ight: (scalar) Particic 15 3 Pseudo~ Nambu-Goldstone boson.
A well known example is the QCD axion (Peccel, Quinn; Wt:l'ﬂberg;
Wi!czc:lc; Kim; SHFman, Vain&l“ltﬁm, Z akharov, Z.hitnl'tsiq,j: Dine, F‘isc.l‘l[ttr,
E:rednfc‘ci; F’r‘eski”, Wise, W:’[czek; Abbott, Sikivie).

There are also many axion-like- partic.[es In string t]’lt‘.(’):"ll.‘] (Svrcek, Witten; Arvanitaki et al.)
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Particle P}]L’}SiCS motivations

el

A natural candidate for a ]ight: (scalar) Particic 15 3 Pseudo~ Nambu-Goldstone boson.

A well known example is the QCD axion (Peccel, Quinn; Weiﬂberg;
Wi!c:*.c:lc; Kim; SHFman, Vainsl“ltﬁm, Z akharov, Z.hitnl'tsiq,j; Dine, F‘isc.l‘l[ttr,
E:rednfc‘(i; Preskill, Wise, W:’!czek; Abbott, Sikivie).
There are also many axion-like- partic.[es In string t]’lt‘.(’):"ll.‘] (Svrcek, Witten; Arvanitaki et al.)
f uzzy dark matter (FDIAY
“ootnote on U[tra ”'lgght version mass m <+ 1“[}_22 eV — Hu, Barkana, Gruzinos

'."'.ul']lt"-"'lx-li ‘J!..’.l, HHTI"‘!{",I'!
e (Consider an e'mgu];'ir field (a Psc‘,udo Nambu-Goldstone) of Per[oc{ici’cq 2nF 1.e. an

axion-like field with a Pote.ntiai from m}n-Perturl}a tive effects (not QCD axion).

i B : '
kc.;incjlﬂ;ﬂ'czﬁ: Arvanitaki et al.

Lo 4 Y 2
L~ —E((?qa) — A*(1 — cos[¢/F]) m ~ A°/F Surcek. Witter)
@ R.C.il.(_. c'_‘.'lbu n(_‘ia Nnce matChﬁﬁ darl\: matter ai)un(_ja nce l:n]if:)"'ah%nﬁ?cnt mEChEﬁﬂi5n1} .
2rF F = m 1/2
< » ﬂmm.tc:- ~ (.1 VT (VR T ( —22 ")
1017 GeV 10—4% eV
1.«’[1,;"::} .

T ~ 6~ F at carly times until 1 ~ m

(Fr'ﬁﬁl{[”. Wise, Wilczek: Abbot, _%ildw'c; Dine, Fischler, with constant m)
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DL]HamIC:S ot wave c[;_-'ark matter:

lgnoring self-interactions —— —0¢ + m?¢ = 0 . 1

s & \/‘ﬁm
S r V .
Non-relativistic limit —» 1) = {— 2 + MmPgrav. | ¥ SORRTN a0
Tri

An alternative \-"lc':\h."POin:: 1 as a (classical) fluid. Y =+/p/me? e p=m |l
A L 7 : ]' SL E.I_J'EU |l_-l
mass conservation p+V-pv=0 where v =—V0@ 7 | _
m (see also Berezhiani, Khou ry)
, _ 1 V3/p |
Euler equation vV+v- Vo= VO + —5V >
2m? VP
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Wave efHfects in a cosmobgical simulation
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Bee :jc,]'nvc; Chiueh, Broadhurst; Veltmaat, Niemeyer; Schwabe,

Nh;i[ﬂr;:LJ&iiﬁ I':nf__;c'tls; Mocz et ai.; Nori, Baldi; Kcncia”, Easther
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Wave effects from |ig1f1t,f’ u]trang]’]t DM:
~ clg namical friction

- evaPoration of sub-halos IZ}LLJ tunnehng

- interference

- tidal streams and g‘:]Vl'tata’on:-ﬂ |en5ing

- Ly man~31|::>ha forest

- direct detection

- detection [T':Lj Pu]ssar timing array

" 1 1
- vortices (and w;a[::a:‘

01 e
- black hole hair

- soliton oscillations

3
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Vortices

Consider again fluid formulation: P = +\/p/m et?

1
p+V-.-pv=0 where v=—V8
m

v+v-Vv = —vfx[)gm.v. g

Naive!‘LJ, vorticity cannot exist, because the \-'eiocitg field is a gradicr‘lt flow.
In addition, one mlg]’]t think Kelvin’s theorem should hold i.e. no vorticity is

gcneratcd if there’s no vorticity to bc:gfn with.

The |(_:-0Pi'm|f:: where p=0. Note: such comP|ete destructive interference
can onhj occur in the late universe when O 4)) fluctuations are Prc‘:sent. No

vortices in the ::ar!{,} universe.

_!7!'16 P]’Iﬁfﬂﬂmdﬂ{?ﬂ (TF vortices is WC” UﬂCEEFStOOC[ In condensed matter PhLJSJCS.
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A 5imP1c?.r CX[.]TTTPlC Hf’:ﬁt: a W’Eill OIC.]ECC't n 1D

Consider q],j INn one 5P;-3’t.éz-ﬂ dimension. 5L:PPOSG it vanishes at some Potnt, say x=0.

1.‘,-".1(.‘1;) ~ K(T) ~ P @Lu‘n G

assumed non--x-'ani:ahfn%‘
L

[ )
phase
A
s 1L
4
» > i
Re : -
1" Aphase=m T
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A 5imP1@.F CXEiTﬂPlC Hf'ﬁt: a W'E-ill OIC.]E(?C't n 1D

Consider q),j INn one 5P;-3’t.éz-ﬂ dimension. 5L:PP056 it vanishes at some Potnt, say x=0.

1.‘,-".1(.‘1;) m%} + x (%,L; 4 e

assumed non--x-'ani:ahfn%‘

lm A “phase
A
i,
A
» > i
Re : -
"I Aphase =7 T

e Vortex
Argumcmt g{‘.ﬂﬁrahzeﬁ to thcr' dimensions. 3D, \-farlisi‘ling of both real & imagina ry Parts

im P|ic.5 intersection of 2 surfacesi.e. ali ne/ 5trir1g defect -> vortex.

W(T) ~ /QO/) 1+ 7 5-;;.{,-‘0 N Phaﬁe wraps b;f] 27 (or 27tn)
4 ?g 7-dl = 27n/m

pxr™ & wvol/fr

Note: this is not the usual axion string,
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v 2
I E‘.I'I L]

2m

51|ﬂ13[<: solutions of the free equahon: O = —
3

v=z+1y | 4

¥ =22+ y* — R® + 2i(—Rz + t/m) C{‘)

v=x?+9y*+ 22— R*+i(—2Rz + 3t/m) O
[ g* frgt ] (—2Rz + 3t/m)

-

Y= (x+iy)(y+iz) —t/m |
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T &
w2 6 . .
‘g =
z
0 <= X4
=
—7 /2 2
—T 0 ; '
” 0 2 i

x [kpe]

AZD examp|e built from a superposftian of waves with random P]‘mses

Vortices appear and disappear n Pairﬁ.
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Additional comments:

, Should defects be rare? No - rougHH one vortex ring per de E)roglic volume.
Can u:ompute this ana[qtica”tj \Ec:r B*I']OCLSI halo com Posing of a 5uperPosition
of waves with random Phases: f_tssentianq jookimg for z.-:%ro—cro:%siﬂg.

Note: t['ns Ho[c[:—s even h[ the Ha|o has no net angular momentum.

) - 1 B -
, bmaHer rings move {‘aster; U~ —E’ . (_.urved Sf:gmcnts a|50 move ?astcr.
[ m ' [

e Vortices {ahd interference Substruaturcf:} are transient Phc“.nomema. Coherent
time scale is de f)rog[ie time Lf':r;r':_.-‘f!z (million years for ultra—iig]—utl Vortices can’t

ar‘bitr‘arihj appear or disappear - Kelvin's theorem.

. Angular momentum c'_:lgf:nstatcs %ave vortices, thoug% aﬂgular momentum does

not reciuirc vortices (e.g. can :—3[war.j5 add s-wave with |ar.gc amplitude}.

» See ::.ond{tnsed matter Ei‘rc:raturc.
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Figure 5: The one-point probability distribution of density: P(p)dp gives the probability that the density p takes

the values within the interval dp. The solid lines are measured from numerical wave simulations of two halos that
form from mergers of smaller seed halos and gravitational collapse. The left panel is from a simulation where the
initial seed halos are distributed uniformly, and the right panel is from a simulation where the initial seed halos
are distributed randomly. The dashed line in each panel shows the analytic prediction from the random phase halo
model: pP(p) = e~?/?. The dotted line on the left panel is pP(p) = 0.9e~106(/7)° | 0.1 =042(0/7) See [72] for
details.
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Observational 5ignah.1 res (tor ultrali E-_z_}wt DM): —>

* Gravitational !ensing bq avortex can lead to 10™% arcsec displacement of distant

i 5 S ; :
sources in 107 years. LMlshraMSl‘rarma, Van T|”T>urg;, Weiner)

e In ien:—:-inp_} events with extreme magﬂiﬁcation (> 100), interference substructure
L - - -

can icad to ﬂuctuations at the 10 Percf-.nt evc[.

i

critical line Dai et al.: strong[q lensed arc

(See also: Dalal] Kochanf—zk; Alexander et al.; Chan et al.; Broadhurst et al.)

s H:‘_ﬁaﬁng of tidal streams. (See Amorisco, Loeb)
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Experimental implications (light DM e.g. QCD axion):
F |2 S g

P Shv @,u 0 S Reviews: Sikivie 20073
L~ ?}'mr} Y+ T Wy G . Graham et al. 2015, Marsh 2016
o ('_.oupiang to EM
ADMX (cavitq) e Photon from axion in magnetic field »°
ABRACADABRA - magnetic flux from axion in magnetic field b

ADBC - rotation of P{'J|arization of Photon Propagati ng inaxion Ao

. (;ouphhgtospin H~Vé-6

CASPEr - spin Pr’ecession like in NMR Vo
Eot-Wash - torsional SPin Penc:lulum Vo
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Experimental implications (light DM e.g. QCD axion):
F |2 S g

(;J I 171 ‘a’u (T) Tocohe . 1 Reviews: Sikivie 2003
L~ pFu P 4 =0y L

F T L R O [t 1 O o Pl i T
Graham et al. 2015, Marsh 2016

e Cou P;ing to EM

ADMX (cavitﬂ) - Photon from axion in magnetic field &
ABRACADABRA - magnetic flux from axion in magnetic field b

ADBC - rotation of P{'J|arization of Photon Propagati ng inaxion Ao

. (;ouphhgtospin H~Vé-6

CASPEr - spin Pr’ecession like in NMR Vi
Eot-Wash - torsional SPin Penc:lulum Vo
vk _amt Derevianko: Foster Rodd, Satdi:

& ~ e "™ fah*e

i AR

slow rast

Centers c’.f'd|.

Ve tose. = 1/{.'?.’1‘\4 1[]_95

mnt s 1f(??1 ?,!2) ~ 1(_'}_3 g
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Expcrimenta! imPlicatifms [light DMe.g QCD axion):

b3 7 (j} = & Reviews: Sikivie 2003
LA L

Graham et al. 2015, Marsh 2016

o« Cou i;‘)‘irlg to EM '

ADMX (cavitfj) - Photon from axion in magnetic field &
ABRACADABRA - magnetic flux from axion in magnetic field b

ADBC - rotation of P{'J|arization of Photon Propagati ng inaxion Ao

. (.';ouphhgtospin H~Vé-6

CASPEr - spin Pr’ecession like in NMR Vi
Eot-Wash - torsional 5|:>ir1 Penc:lulum Vo
vk _amt Derevianko: Foster Rodd, Satdi:

& ~ e "™ fah*e

A TR

Centers c’.f'd|.

slow fast : . "
Ve tose. =1/ m ~ 10778
. ‘ . T - 2 s T, S
e NMeasure Corr‘e!ation {-unctmms e.g. teoherent = 1/(77?» v ) ~ 1077 s

(d(t)2p(t)2) — (622 ~ [|t — t'|/toonerent] > + osc.  (or even space-time correlations).

Pirsa: 20110006 Page 22/25



Expcrimenta! imPlicatifms [light DMe.g QCD axion):

i E I TP 'a,u @ = LT Reviews: Sikivie 20073
£ f Fy 1777 + Uy "W Graham et al. 2015, Marsh 2016
° ('_.Oui;?;an% to EM
ADMX (cavitq) e Photon from axion in magnetic field »°
ABRACADABRA - magnetic flux from axion in magnetic field b

ADBC - rotation of P{'J|arization of Photon Propagati nginaxion Ag
© (.';ouphhg to spin H~V¢-6

CASPEr - spin Pr’ecession like in NMR Vo

Eot-Wash - torsional 5|:>ir1 Penc:lulum

Derevianko; Foster, Rodd, safdi;

@ g ,ih-lfj—t-m,t + ,#i‘*e-;r,mt

L A TR

slow rast

Centers c’.f'd|.

e TR o 10795
Measure correlation functions B mm =1/(m ?—’2) ~107%s
(d(t)2p(t)2) — (622 ~ [|t — t'|/toonerent) > + osc. (or even spaca-timc correlations).
» Atvortices ¢ =0 but Vo #0.

» Phase of oscillation mfgl“lt be interesting: ¢ ~ || cos(mt — ) .
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:ﬁummarg

a)

4

* Fordark matter particle lighter than about 30 eV (e. .axion,.f’axion—m«:«- artic
h 3 g g P

wave interference Phenomcna are unavoidable. One implicat{on IS:

vortices.

» Such axion dark matter gives black hole hair (or more mundanely: accretion flow).

o Wave interference givcs rise to soliton oscillations and random walk. rt
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(-0 + mg)q‘*: 0  in Schwarz. bgd.

L:4) wt /27 = 0.00 m = 1/Tschwars.
0.5
¥ 00
—0.5
1.0

20 0 20 40 60 80 100 120 140 160 180 200
"
Ty =T+ In (!‘ - ]-J (rb'chw:ﬁ,rz. — -”'

-1

similar pile — up occurs for m > 1073 TSchwarz
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