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Rich evidence for dark matter - from its gravitational eHects

° Dgnamical measurements.

o Gravitational lensing measurements.

/ Hoeks’cra) Yee, Gladders
o Growth of Per’turbatlons.




We have rich evidence for the existence of DM, but

remain ignorant about its basic Prol:)erties e.g. mass:
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We have rich evidence for the existence of DM, but

remain ignorant about its basic Prol:)erties e.g. mass:
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wWhat we do know: mass densitg in solar neig}wborhood 5 0.3 GeV/cm?

Question: at what mass is the interpar‘cicle separation <de Broglie Wavelength?

(1/mv)
wave regime m < 30eV
1/mv~10"2cm for m =10eV

10*cm for m=10"%eV

100pc for m=10"%*2eV

bosonic



| et’s discuss:

Particle phusics motivations
PhY

Wave clynamics and Phenomenology
Astrophgsical implications (ultra—-light DM)

Experimental imPlications (light DM)

1/mv~10"2cm for m =10eV
102cm for m=10"%ev QCD axion

100pc for m =10"%%eV F‘uzzg DM (Hu, Barkana, Gruzinov)



Particle Phgsics motivations

o A natural candidate for a |ight (scalar) Particle IS a Pseudo—-Nambu~Golclstone boson.

A well known example is the QCD axion (Peccel, Quinn; Weinberg;
Wilczek; Kim; 5hi1cman, \/ainshtein, Zakharov) Zhitnitskg; Dine, Fischler)
Srednicki; Preski”, Wise, Wilczek; Abbott, Sikivie).

There are also many axion~|i‘<e~l:>articles in string theorg (Svrcek, Witten; Arvanitaki et al.)
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Footnote on ultra ~|ight version mass m +— 107226V — Fuzzy dark matter (FDM)

» Consider an angular field (a Pseuclo Nambu-Golclstone) of Perioclicitg 2 F 1.e. an
axion-like field with a Potential from non~|:>erturbative eftfects (not QCD axion).

(candidates: Arvanitaki et al.

1
L~ —5(3¢)2 — A4(1 — cos [¢/F]) m .~ A2/F Svrcek, Witten)

o Relic abundance matches dark matter abundance (mis—-alignment mechanism).

2w F Ia 2 m 1/2
< o> Qmautter ~ 0.1 ( ) ( )

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

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

(low scale inflation)



Dgnamics of wave dark matter:

o lgnoring self-interactions ——— —¢ +m?¢ =0 Klein Gordon ec]uation

In the non-relativistic limit , useful to define: ¢ = — (e pTe!™ ]

V2m
b x —mZihe M — imape Mt 4 Wﬁt + c.c.

i = [—— + m@ww.] 0 SChrodinger ec]uation ~—

* Dy IS the gravitational Potentialj determined bﬂ:

Poisson eq. : V*®gay. = 47Gp = 4nGm|1)|?



Dgnamics of wave dark matter:

o lgnoring self-interactions —— —¢ +m2¢ =0 Klein Gordon equation

In the non-relativistic limit , useful to define: ¢ = — (e pTe!™ ]

V2m
b x —mZihe M — imape Mt 4 Wﬁt + c.c.

—— + m¢grav_] 0 Schrodinger ec]uation ~—

* Dy IS the gravitational Potentialj determined bﬂ:

Poisson eq. : V*®gay. = 47Gp = 4nGm|1)|?

o Analternative viewpoint: 1) as a (classical) fluid. W =+/p/me? ie p=m ]
, . 1
mass conservation  p+V-pv =0 where v=—V{
m
, 1 V?
Euler equation V40V ==VPgay + —5V ( ﬁ)
2m VP

superﬂuid

(see also Berczlﬁiani, Khourg; Fan; Alexancler, Cormack)



Classical or quantum?
l:eynman ectures \/Ol~ b, Think about number~|:>hase commutator.

The Feynman Lectures on Physics Vol. lll Ch. 21: The Schrodinger 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 'gb(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 ¥1)™ . But since there are so many particles, if I look in any
volume dz dydz 1 will generally find a number close to 19* dz dydz . So in a situation in which 1) is the wave function
for each of an enormous number of particles which are all in the same state, Y1) 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
™) as the density of electricity. Normally, 1)1)™ is given the dimensions of a probability density, then 1) should be
multiplied by g to give the dimensions of a charge density. For our present purposes we can put this constant factor into
1), and take ¢¢* 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, Rufhini, Gelmini; Turner; Press, Rgclen) SPergel; Sing Hu, Barkana, Gruzinov;

Peebles; Goodman; Lesgourgues, Arbeg, Salati; Amenclola, Barbieri; Chavanis; Suarez,

Matos; Matos, Guzman, Urena~LoPez

Dar|< matter as suPerﬂuicl:

Rindler~Da”er, Shapiro; Berezhiani, Khourg; Fan; Alexancﬂer, Cormack; Alexander) Glegzer,

McDonough, Toomeg; Ferreira, Franzmann, Khourg, Brandenberger



Wave efHects in a cosmological simulation

Note the irong:

interference enhances
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See Schive, Chiueh, Broadhurst; \/eltmaat, Niemeger; Schwabe) Niemeger) Engels;
Mocz et al; Nori, Baldi; Kencla”, Easther



Wave effects from Iight/ ultra~light DM:

~ Lgman-——a Pha forest

- solitonic halo core

~ clgnamical friction
~ evaporation of sub-halos bg tunneling

- detection 59 Pulsar timing array

—921
- black hole hair/suloerradiance Mg ~ 120 pe (10 eV) (1()0 km/s)

U

m

~ subhalo mass function

- luminositg/ mass function
- Interference substructure and vortices

~ gravitationa lensing

- scattering of tidal streams, stellar heating

- soliton oscillations

~ direct detection



Wave effects from Iight/ ultra~light DM:

- Lyman-a Pha forest Caustic fringes applied to tidal shells

- solitonic halo core Heating constraints

cl , l ]C . Vortices

- dynamica riction
Wave interference for axion detection

~ evaporation of sub-halos bg tunneling

- detection 59 Pulsar timing array

102! ev> (100 km/s)

- black hole hair/superradiance AaB ~ 120 pc (
v

m

~ subhalo mass function

- luminositg/ mass function
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Consider tidal shells:
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Caustic ]Criﬂges Eberhardt, LH: could probe mass up to 10~ eV



Example of current constraints: heating of stellar distributions

Yavetz, Li, LH

t =0.5Gyr t =1.0Gyr r=1.5Gyr

-

@)

logq (p /(M. /kpc3))

4
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Time depenclent wave interference injects energy into stellar orbits

~ Dalal) Kravtsov ruled out m < 1077 eV based on ultrataint dwarfs c.g. Segue ]

- But keeP in mind alternative interpretation:

The “Dark-Matter Dominated” Galaxy Segue 1 Modeled with a Black Hole and no Dark Halo
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ZORAYDA MARTINEZ,2 T CONNOR A. PAINTER,% T YONATAN SKLANSKY,% T AND HAYLEY WEST!' T

L Department of Physics & Astronomy, The University of Texas at San Antonio, One UTSA Circle, San Antonio, TX 78249, USA
2 Department of Astronomy, The University of Texas at Austin, 2515 Speedway Boulevard, Austin, TX 78712, USA
3 Physics & Astronomy Department, Rice University, Houston, Texas 77005, USA



Vortices

o Consider again fluid formulation: Y =+/p/m o0

1
p+V-pv=0 where v=—V6

m
1 V?
04V V= —V®yay. + —=V VP
2m? VP

o Naivelg, vorticity cannot exist, because the Velocitg field is a gradient flow.
In addition, one might think Kelvin’s theorem should hold i.e. no vorticity is
generatecl if there’s no vorticity to begin with.

o The lool:)hole: where p=0. Note: such complete destructive interference

can onlg oCcur in tl‘]é |a’ce universe when OO ﬂuctuations are Present. No

vortices in the earlg universe.

o See conclensecl matter literature.



Structure of a vortex

Genericallg) in 3D, the set of Points where both the real & the imagjnary parts

of the wavefunction vanish fall on aline i.e. a line/string defect.

The Phase o1c the wavmcunction must wraps arouncJ tl’]é line by 2N .

Thus, a vortex:

%U-dﬁz%rn/m >

Taglor expansion reveals further details (caseof n=1):

¢(f)NW+£-5¢}O+... p~r?  (alsov~1/r)

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

Statisticang, expec’c I vortex ring per de E’)roglie volume.

Note: this is not the usual axion string.
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Ring’s direction of motion







Experimentai imPiications (lignt DMe.g QCD axion):

° Exl:)eriments mostlg make use ot

- couPIing of the axion ¢ to Photon Y M’Y
d

e.g. axion Procluces Pnoton N magnetic fiel Y

- coupling of the axion ¢ to fermion P 0 iqj
Y

e.g. axion causes fermion spin to precess

0,0
f

Reviews: Sikivie 2005
Graham et al. 2015, Marsh 2016

L~ ?FWFW” +

= 5
N 7 W2y

o Instead of ¢

Derevianko; Foster, Roc]ci, Satdi;

wave interference means: ,
Centers et al.; LLH, Jogce) Landrg, L

o tose. = 1/m ~ 10775

tcoher(:nt — 1/(m 712) ~ 10_3 S

~ Useful to think of axion detection experiment as measuring correlation functions

- Atvortices ¢ =0 but Vo £0 .
- Existence of vortices suggests oscillation Pnase IS interesting: ¢ ~ || cos(mt — 0)
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