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Rich evidence for dark matter - from its gravitational etHects

® Dgnamical measurements.

o Gravitational lensing measurements.

, Hoekstra) Yee, Gladders
o Growth of Perturbatlons. T o S
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We have rich evidence for the existence of DM, but

remain ignorant about its basic Pro[:)erties e.g. mass:

axion WIMP
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We have rich evidence for the existence of DM, but

remain ignorant about its basic Properties e.g. mass:

axion WIMP BH
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what we do know: mass densitg in solar neighborhood 5 0.3 GeV/cm?
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We have rich evidence for the existence of DM, but

remain ignorant about its basic Prol:)erties e.g. mass:

axion WIMP BH
| I | | I I | mass
1 | | | N | g
10722 1079 1 100 10 10 103 eV
4—

what we do know: mass densitg in solar neighborhood 5 0.3 GeV/cm?

Question: at what mass is the interl:)ar’cicle separation <de E)roglie Wavelength?
(1/mv)

wave regime m < 30eV

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

100pc for m=10"%*2eV
bosonic



| et’s discuss:

Particle Phgsics motivations

Wave clgnamics and Phenomenologg
Astrol:)hgsical implications (ultra-light DM)

Experimental implications (Iight DM)

1/mv~10"2cm for m =10eV

104cm for m=10"%ev QCD axion
100pc for m =10"%*%eV Fuzzy DM (Hu, Barkana) Gruzinov)



Particle Phgsics motivations

o A natural candidate for a light (scalar) Particle IS a Pseudo~Nambu~Goldstone boson.

A well known example is the QCD axion (Peccel, Quinn; Weinberg;
Wilczek; Kim; SHFman, \/ainshtein, Zakharov, Zhitnitsky; Dine, l:ischler,
Srednicki; Preski”, Wise, Wilczek; Abbott, Sikivie).

There are also many axion~li‘<e~l:>articles n s’cring theorg (Svrcek, Witten; Arvanitaki et al.)



Particle Phgsics motivations

o A natural candidate for a light (scalar) Particle IS a Pseuclo—-Nambu~GoHstone boson.

A well known example is the QCD axion (Peccel, Quinn; Weinberg;
Wilczek; Kim; Shiﬁman, Vainshtein, Zakharov, Zhitnitskg; Dine, l:ischler,
Srednicki; Preski”, Wise, Wilczek; Abbott, Sikivie).

There are also many axion~li|<e~l:>articles n s’cring theorg (Svrcek, Witten; Arvanitaki et al.)

Fuzzy dark matter (FDM)
Footnote on Ultra ~||ght VErsion mass m + 107%%eV — Hu, Barkana, Gruzinov

Amendola, Barbieri
 Consider an angular field (a Pseuclo Nambu-Goldstone) of Perioclicitg 2mF j.e. an

axion-like field with a Potential from non~Perturbative eftfects (not QCD axion).

(cancliclates: Arvanitaki et al.

1
L~ —5((%5)2 — A*(1 — cos[¢/F)) m ~ A*/F Svreek, Witten)

o Relic abundance matches dark matter abundance (mi5~a!ignment mechanism).

27 F la 2 m 1/2
< o> Qmatter ~ 0.1 ( ) ( )

1017 GeV 10-22eV
V(o) s
< —~ ¢ ~ F' at early times until H ~ m

(Preskill, Wise, Wilczek; Abbot, Sikivie; Dine, Fischler, with constant m)




Dgnamics 01C wave clark matter:

o lgnoring self-interactions ——» —O¢ +m?p =0 1 | . . ]
— 11m _|_ * _1m
o ¢ Joam Ye YTe
Non-relativistic limit —» w = [—2— + mCDgrav_] Y —
m
o An alternative Viewl:)oint: Y as a (classical) fluid. Vv =+/p/me? le. p=m |92
, . 1
mass conservation p+V-pv=0 where v=—V0
m
, 1 v
Euler equation V40V ==VPgay + —5V ( ﬁ)
2m VP
suPerﬂuid

(see also Berezhiani, Khourg; Fan; A!exancler, Cormack)

° + Poisson eq. : V2<I>grav, = 4AnGp = 47TGm|¢|2



Fegnman | ectures Vol. b,

The Feynman Lectures on Physics Vol. lll Ch. 21: The Schroédinger Equation in a Classical Context: A Seminar on Superconductivity 4/25/15 4:45 PM

21-4The meaning of the wave function

When Schrodinger first discovered his equation he discovered the conservation law of Eq. (21.8) as a consequence of his
equation. But he imagined incorrectly that P was the electric charge density of the electron and that J was the electric
current density, so he thought that the electrons interacted with the electromagnetic field through these charges and
currents. When he solved his equations for the hydrogen atom and calculated 1), he wasn’t calculating the probability of
anything—there were no amplitudes at that time — the interpretation was completely different. The atomic nucleus was
stationary but there were currents moving around; the charges P and currents J would generate electromagnetic fields
and the thing would radiate light. He soon found on doing a number of problems that it didn’t work out quite right. It was
at this point that Born made an essential contribution to our ideas regarding quantum mechanics. It was Born who
correctly (as far as we know) interpreted the 1) of the Schrodinger equation in terms of a probability amplitude —that very
difficult idea that the square of the amplitude is not the charge density but is only the probability per unit volume of
finding an electron there, and that when you do find the electron some place the entire charge is there. That whole idea is
due to Born.

The wave function zp(r) for an electron in an atom does not, then, describe a smeared-out electron with a smooth charge

density. The electron is either here, or there, or somewhere else, but wherever it is, it is a point charge. On the other hand,
think of a situation in which there are an enormous number of particles in exactly the same state, a very large number of
them with exactly the same wave function. Then what? One of them is here and one of them is there, and the probability

of finding any one of them at a given place is proportional to gbtb* . But since there are so many particles, if I look in any
volume dx dydz 1 will generally find a number close to ¥1)™ dz dydz . So in a situation in which 4 is the wave function
for each of an enormous number of particles which are all in the same state, ¥t can be interpreted as the density of
particles. If, under these circumstances, each particle carries the same charge g, we can, in fact, go further and interpret
Y™ 1) as the density of electricity. Normally, 1)1)™ is given the dimensions of a probability density, then 1) should be
multiplied by q to give the dimensions of a charge density. For our present purposes we can put this constant factor into
1), and take 1™ itself as the electric charge density. With this understanding, J (the current of probability I have
calculated) becomes directly the electric current density.




Long historg of scalar field as dark matter:
Balcleschi) Ruﬁqni, Gelmini; Turner; Press, Rgden, SPergel; Sin; Hu, Barkana, Gruzinov;

Peebles; Goodman; Lesgourgues, Arbey, Salati; Amendola, E)arbieri; Chavanis; Suarez,

Matos; Matos, Guzman...

Dark matter as suPerﬂuicl:

Rindler-Daller, Shapiro; F)erezhiani, Khourg; Fan; Alexancler, Cormack; Alexancler, Glegzer,

McDonough) Toomeg; Ferreira, Franzmann, Khourg, Branclenberger...



Wave eHects in a cosmological simulation
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See Schive, Chiueh, Broadhurst; Veltmaat, Niemeyer; Schwabe,
Niemeger, E‘ngels; Mocz et al.; Nori, Baldi; Kenda”, Easther



Wave effects from light/ ultra~light DM:

~ Lgmarm-a Pha forest

- solitonic halo core

~ interference substructure

—vortices (and walls)
~ dgnamical friction

~ evaPoration of sub-halos bg tunneling

~ direct detection

- detection bg Pulsar timing array

~ gravitational |ensing

- scattering of tidal streams

~ soliton oscillations

- black hole hair



[inear power spectrum A? = 47Tk3P(k)/(27r)3
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Linear perturbation theory for wave dark matter predicts suppressed power at high k.



Lyman-alpha forest constraint obs.

Irsic,Viel, Haehnelt, Bolton, Becker 2017

XQ-100 — best fit « |
s MIKE  ----- mepy = 10 x 10722 eV 2z = 3.6
»  HIRES --- myppu fixed -
. z = 3.0]
1072 1071
k [km™!s]

Figure thanks to Vid Irsic and Matteo Viel

Importance of ionizing background and reionization history fluctuations?



Wave effects from light/ ultra~light DM:

- Lyman-a Pha forest

- solitonic halo core
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—vortices (and walls)
~ dgnamical friction

~ evaPoration of sub-halos bg tunneling

~ direct detection

- detection bg Pulsar timing array

~ gravitational |ensing

- scattering of tidal streams

~ soliton oscillations

- black hole hair



Useful estimates recall p ~ m2¢2

(1) self interaction = )\gb‘l ~ (@)2¢4 N (@)2 <#)2

F F
, Gor?
(2) gravity = p(I)graV. ~p ( " ) ™~ CTYIOQT2 A (2)
5 ) energy density

(3) gradient energy = ¢

~ (1)
2 22 / \ (3)»

(related to quantum pressure)

T

® Self-interaction unimportant for much, but not all, of the Parameter space.

(see footnote 10 in review,/ lecture notes)

o de Brog!ie scale as the transition scale between (2) and (3):

5 1 1
compare Pgray. ~ vV VS, > o~ —
m2r? m o

e solitons as objects where (2) and (®) balance: (eqs. 22 - 24 in review/lecture notes)

2
GMsoliton 1 1 Mpl-
T'soliton mM=T liton m soliton m soliton

Solitons tencl to conclense at centers ot halos.
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Interference substructures - general considerations

w(tyx) — ZAk ein e’ik-aj—iwkt
k

e B isa ranclomlg distributed Phase (For a virialized halo), leading to

a Gaussian random (v

° A ~ 6—k2/k§ IS a simple examplé, clescribinga thermal distribution
of momenta . ko 15 the characteristic momentum scale (momentum clispersion).
The characteristic Iength scale associated with itis 1/kg ~ 1/(mv) i.e.
the de Broglie scale.

o wr=k?/(2m) tells us the characteristic Frec]uencg is kg/(2m)

.e. the characteristic time scale is m/kf ~ 1/(mv?) i.e. de Broglie time.



Wave effects from light/ ultra~light DM:

- Lyman-a Pha forest

- solitonic halo core

- interference substructure <

—vortices (and walls)
~ dgnamical friction

~ evaPoration of sub-halos bg tunneling

~ direct detection

- detection bg Pulsar timing array

~ gravitational |ensing

- scattering of tidal streams

~ soliton oscillations

- black hole hair



Vortices

o Consider again fluid formulation: Y =+/p/m et?

1
p+V-pv=0 where v=—V6

m
1 \VE:
V+v-Vo=—-V&y,, +-—V VP
21m2 VP

o Naivelg) vorticity cannot exist, because the \/elocitg fieldis a gracﬂient flow.
In aclclition, one might think Kelvin’s theorem should hold i.e. no Vorticit9 IS
generatecl if there’s no vorticitg to begin with.

o The |ool:>|”|o|e: where p=0. Note: such comple’ce destructive interference
can onlg occur in the late universe when O fluctuations are Present. No

vortices in the earlg universe.

o The Phenomenon of vortices is well understood in condensed matter Phgsics.



Structure of a vortex

Generica”g) in 3D, the set of Points where both the real & the imaginary parts

of the wavefunction vanish fall on alineie. a line/string defect.

The Phase omc the wavefunction must wraps arouncl the line bﬂ 2T .

Thus, a vortex: =
j{ v-dl =2mn/m >

Taglor CXP.SﬂSiOﬂ rc:veals Further cletails (CBSC O‘F n=1 ):

¢(f)ww+f.5¢}o_|_m p~ 7 (also v ~ 1/r)

Vortex genera”g takes the form of a |ooP l.e. vortex ring.

Note: this is not the usual axion string.
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2
Simple solutions of the free equation: L O = —V—w
2m

Y=z + 1y >

W = x? + y? —R2—|—27§(—Rz—|—t/m) é

=24+ y* +2° — R®+i(—2Rz + 3t/m) O
O

Y= (r+iy)(y+iz) —t/m




Ring’s direction of motion







x [kpc] x [kpc]

A 2D example built from a sul:)erl:)osition of waves with random Phases

Vortices appear and clisapl:)ear n Pairs.



Additional comments:

ShOUICl CCFCCtS !36 rare? No ~ roug]ﬁlg one vortex ring PCT’ ClC Broglie \/olume.

Can compute this analgtica”g for a model halo ComPosing of a suPerPosition

of waves with random Phases: essentia”g looking for zero~crossing.

Note: this holds even i the halo has no net angular momentum.

) 1
Sma”er rngs move Faster: vV~ —— Curvecl segments also move Faster.
mR

Vortices (ancl interference substructures) are transient Phenomena. Coherent
time scale is de Broglie time 1/mv? (million years for ultra~|ight). Vortices can’t

arbitrarilg appear or clisal:)l:)ear _ Kelvin’s theorem.

Angular momentum eigens’tates have vortices, tlﬁough angular momentum does

not rec]uire vortices (e.g. can alwags add s-wave with large amplitucle).

See condensed matter literature.



destructive interference destructive interference
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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 ?/P. The dotted line on the left panel is pP(p) = 0.9e=106(/P)" 4 0.1 ¢=042(r/P) | See [72] for
details.



Wave effects from light/ ultra~light DM:

- Lyman-a Pha forest

- solitonic halo core

- interference substructure <

- vortices (and walls)
~ dgnamical friction

~ evaPoration of sub-halos bg tunneling

~ direct detection

- detection bg Pulsar timing array

~ gravitational |ensing

- scattering of tidal streams

~ soliton oscillations

- black hole hair



Fornax galaxy and its globular clusters
ESO/Digitized Sky Survey 2

Dynamical friction issue: Tremaine 1976



Dgnamical friction

o Chandrasekhar’s classic calculation:

(V)
glObularcluster M .><
(V)

o Quantum stress smooths out densitg wake, |owering friction.
(see also Lora et al.)

o Use known solution for the Coulomb scattering Problem:

Y < Flif,1,1kr(1 — cos6) | where F is the confluent hgpergeometric func.

B=(GM/v*) k™"  with k7' = (mv) "' =de Broglie wavelength

Small B means quantum stress IS imPor’tant.

o Key- integrate momentum flux to compute friction: 7{ as; Ti;



suppression of dynamical friction

[a—

In[2r/(GM/v*)] = 10, 6, 3

O
o

o o
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B=(GM/v*)/k™
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Conclusion:

Given the densitg Proﬁle of a galaxg (which can be experimentaug determined) ,
standard CDM has a definite Precliction for the clgnamical friction, which can be

checked against observations.

Fuzzy DM ofm~ 10722 — 10~21 eV can lower clgnamical friction by an order of
magnitucle.

Woulcl be use{:ul to s’tuclg other sgstems: Lotzet al. 2001



Wave effects from light/ ultra~light DM:

- Lyman-a Pha forest

- solitonic halo core

- interference substructure <

- vortices (and walls)
~ dgnamical friction N4

~ evaPoration of sub-halos bg tunneling

~ direct detection

- detection bg Pulsar timing array

~ gravitational |ensing

- scattering of tidal streams

~ soliton oscillations

- black hole hair



| et’s discuss:

Particle Phgsics motivations

Wave clgnamics and Phenomenologg </
Astrol:)hgsical implications (ultra-light DM)

Experimental implications (Iight DM)

1/mv~10"2cm for m =10eV

10*cm for m=10"%ev QCD axion
100pc for m =10"%*%eV Fuzzy DM (Hu, Barkana) Gruzinov)



Observational signatures (For ultralight DM): —>

* Gravitational lensing bg avortex can lead to 10™% arcsec clisplacement of distant

sources in 10° years. (Mishra~5harma, Van Tilburg, Weiner)

e In Iensing events with extreme magniﬁcation (>100), interference substructure

can lead to fluctuations at the 10 Percent level.

/

critical line Dai et al.: stronglg lensed arc

(See also: Dalal, Kochanek; Alexander et al.; Chan et al.; Broadhurst et al.)

o Heating, scattering of tidal streams. (Amorisco, | oeb: Da!al, Bovy, LH, L)



Substructures scatter tiolal streams
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FIG. 5. Examples of fold caustics. (Left) The two curves show streams evolved in a simulation with A = 2.4kpc. Over time,
the stream folds on itself, producing density variations on scales much smaller than A. (Right) The upper panel zooms in on
the region enclosed by the dotted black square in the left panel. The bottom panel shows the binned 1D number density of
particles; note the large spikes in density at fold locations in the upper panel, reflecting the universal n gz~ 1/? divergence at
fold caustics in 1D.

Dalal, Bovy, LH, Li



Experimental implications (light DMe.g QCD axion):

¢ ~ (9,u¢ = = Reviews: Sikivie 200%
, L ?F“VFM T T\Iﬁy Y Graham et al. 2015, Marsh 2016
o Couplmgto EM
ADMX (cavitg) - Photon from axion in magnetic field ?
ABRACADADBRA ~ magnetic flux from axion in magnetic field b

ADBC - rotation of Polarization of Photon Propagating inaxion Adg
o Coup'ingto spin H~V¢-6

CASPEr - sPin Srecession like in NMR

<t <
< o

Eot-Wash - torsional sPin Pendulum



Experimental implications (light DMe.g QCD axion):

q5 ~ 0 ¢ Reviews: Sikivie 200%
, L ?F“VFM T T\Iﬁy Y Graham et al. 2015, Marsh 2016
o Couplmg to EM
ADMX (cavitg) - Photon from axion in magnetic field ?
ABRACADADBRA ~ magnetic flux from axion in magnetic field b

ADBC - rotation of Polarization of Photon Propagating inaxion Adg
o Coupiingto spin H~V¢-6

¢
¢

CASPEr - sPin Srecession like in NMR

<t <

Eot-Wash - torsional sPin Pendulum

¢ we—zmt_'_w* 1t
AN

Derevianko; Foster, Rodd) Sagdi;

Centers et al.

slow 1Cast

o tose. =1/m ~ 1075
tcoherent — 1/(m'U ) ~ 10~ 33




Experimental implications (light DMe.g QCD axion):

¢ ~ 0 ¢ Reviews: Sikivie 200%
, L ?F“VFM T T\Iﬁy Y Graham et al. 2015, Marsh 2016
Couplmg to EM
ADMX (cavitg) - Photon from axion in magnetic field ?
ABRACADADBRA ~ magnetic flux from axion in magnetic field b

ADBC - rotation of Polarization of Photon Propagating inaxion Adg

Coup'ingto spin H~V¢- 6

CASPEr - sPin Srecession like in NMR

Eot-Wash - torsional sPin Pendulum

¢ we—zmt_'_w* rmt

SIOW

N

1Cast

Measure correlation functions e.g.

(p(t)*o(t')?) — (¢%)°

~ Ht — t/’/tcoherent]_g

¢
¢

<t <

Derevianko; Foster, Roc]d) Sagdi;

Centers et al.

o tose. = 1/m ~ 1075

tcoher;nt — 1/(m '02) ~ 10775

-+ OScC.

(or even space—-time correlations).



Experimental implications (light DMe.g QCD axion):

¢ ~ 0 ¢ Reviews: Sikivie 200%
, L ?F“VFM T T\Iﬁy Y Graham et al. 2015, Marsh 2016
Couplmg to EM
ADMX (cavitg) - Photon from axion in magnetic field ?
ABRACADADBRA ~ magnetic flux from axion in magnetic field b

ADBC - rotation of Polarization of Photon Propagating inaxion Adg

Coup'ingto spin H~V¢- 6

CASPEr - sPin Srecession like in NMR

Eot-Wash - torsional sPin Pendulum

¢ we—zmt_'_w* 1t
AN

slow 1Cast

Measure correlation functions e.g.

(()*d(t')*) — (%) ~ [[t = t'| /tconerent]

Atvortices ¢ =0 but V¢ #0 .

¢
¢

<t <

Derevianko; Foster, Roc]d) Sagdi;

Centers et al.

o tose. = 1/m ~ 1075

tcoher;nt — 1/(m '02) ~ 10775

-+ OScC.

(or even space—-time correlations).



Experimental iml:)lications (light DMe.g QCD axion):
¢ 0,

Reviews: Sikivie 2005

RN T D
, L~ ?F“VFM T T\Iﬁy i Graham et al. 2015, Marsh 2016
Couplmgto EM
ADMX (cavitg) - Photon from axion in magnetic field ?
ABRACADADBRA ~ magnetic flux from axion in magnetic field b

ADBC - rotation of Polarization of Photon Propagating inaxion Adg
Couplingto spin H~V¢- 6

¢
¢

CASPEr - sPin Srecession like in NMR

<t <

Eot-Wash - torsional sPin Pendulum

Derevianko; Foster, Roc]d) Sagdi;

Centers et al.

¢ -~ we—imt 1+ w*eimt
AN

slow Fast

o tose. = 1/m ~ 1075

, , < > 2 _
Measure correlation functions e.g tcoherent = 1/(mv?) ~107°s

(H(t)* (1)) — (%) ~ [|t — t'|/teonerent] > + osc. (or even space—-time correlations) .
Atvortices ¢ =0 but V¢ #0 .

Phase of oscillation might be interesting: ¢ ~ || cos(mt —0) .



| et’s discuss:

Particle Phgsics motivations

Wave clgnamics and Phenomenologg V4
Astrol:)hgsical implications (ultra-light DM)

Experimental implications (Iight DM)

1/mv~10"2cm for m =10eV

10*cm for m=10"%ev QCD axion
100pc for m =10"%*%eV Fuzzy DM (Hu, Barkana) Gruzinov)



