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Large-scale structure

Evidence for dark matter
across scales




Large-scale structure

.

Large-scale structure: consistent
with hierarchical mergers of halos
seeded by collisionless matter

Evidence for dark matter
across scales



Large-scale structure
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Evidence for dark matter
P b T across scales
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L ~ Mpc
M ~ 10" M,

Galaxy clusters: strong gravitational
lensing reveals mass much larger than
one inferred from luminosity
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Galaxies: rotation profiles reveal
considerable unseen mass contribution
extending beyond visible structure
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Large-scale structure

Evidence for dark matter
cross scales
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Dwarf galaxy -

L ~ 100 kpc .

M ~ 10" M —_—
L ~ 1-10 kpc

6—38
M ~ 10078 M

Dwarf galaxies: Stellar kinematics
reveal mass-to-light ratios significantly

larger than 1M /L



The cosmic microwave background

Fluctuations in photon temp. across sky
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The cosmic microwave background

Power spectrum of angular
correlations vs multipole number

Fluctuations in photon temp. across sky
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The cosmic microwave lbackground

Power spectrum of angular
correlations vs multipole number

Fluctuations in photon temp. across sky
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Minimal definition of dark matter

Dissipation-less, source of Energy density dilutes
gravitational potential with expansion
(dark) (matter)

e
Baryons Mo
L —

Photons

Dark matter pPX—3 =7/



How can a scalar field be the dark matter?
— the misalignment mechanism



Misalignment mechanism
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Misalignment mechanism for a generic scalar

Imagine our scalar field’s potential is just given by its mass

S = /d4x\/—_g[—%(8ﬂgb0“gb) — %ngbz

1
V — §m2q§2



Misalignment mechanism for a generic scalar

Imagine our scalar field’s potential is just given by its mass

1 1
S = /d4m\/—g [—E(thb(?“qb) — §m2q§2
Euler-Lagrange equation:

5 OV=9L _ Ov=gL Q.
T 0,b) O

1
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Misalignment mechanism for a generic scalar

Imagine our scalar field’s potential is just given by its mass v %ngbz
S = /d4w\/—_g[—%(8ﬂqb(?“qb) — %'rn?gbz
Euler-Lagrange equation:
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° 0(0u9) 0¢

(Klein-Gordon equation)



Misalignment mechanism for a generic scalar

Imagine our scalar field’s potential is just given by its mass v %ngbz
S = /d4x\/—_g[—%(8ﬂgb8“qb) — %'m?gbz
Euler-Lagrange equation:

9, V9L _ OV gL > 0o — mp =0 R

° 0(0u9) 0¢

(Klein-Gordon equation)

Put in FRW metric g = diag(—1, a*, a?, a*) where H = d/a

— —0; — 3HO,




Misalignment mechanism for a generic scalar

Imagine our scalar field’s potential is just given by its mass v %ngbz
S = /d4m\/—_g[—%(6‘“gb(?“qb) — %m2gb2
Euler-Lagrange equation:
9, V9L _ OV gL > 0o — mp =0 R ¢

° 0(0u9) 0¢

(Klein-Gordon equation)

Put in FRW metric g = diag(—1, a*, a?, a*) where H = d/a

Damped harmonic
oscillator

— —0; — 3HO, > | d+3H(t)d +mPp=0




Misalignment mechanism for a generic scalar

1.2
.. : 5,
¢ +3H(t)p + m ¢ =0 1.0
0.8
Taking radiation domination H(#) = 1/2t and .
enforcing the boundary condition ¢(z;) = 0, o
we get a general solution: S 04
) 1 . = 02
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Misalignment mechanism for a generic scalar

1.2
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¢+ 3H(t)p + m“¢p =0 1.0
0.8
Taking radiation domination H(#) = 1/2t and .
enforcing the boundary condition ¢(z;) = 0, o
we get a general solution: S 04
) 1 . = 02
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o=6:( =) T(5)7y0m
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Misalignment mechanism for a generic scalar

.. : 5,
¢+ 3H(t)p +m°¢p =0 o H(t) > m
0.8
Taking radiation domination H(#) = 1/2t and .
enforcing the boundary condition ¢(z;) = 0, o
we get a general solution: = 04f
) 1 . = 02k
—0.2}
Two regimes:
® 3H(t) > m — overdamped oscillator B I
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Misalignment mechanism for a generic scalar

¢ +3H(t)p +mp =0

Taking radiation domination H(#) = 1/2t and

enforcing the boundary condition qb(ti) =0,
we get a general solution:

o () (3o

Two regimes:

o 3H(t) > m — overdamped oscillator

® 3H(1) < m = damped harmonic oscillator

&
~
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1.2
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At late times, the damping takes place over

cosmological timescales, while the oscillations are fast

— Make a WKB approximation ¢, /... < m

d(t) = Peny(t) cos mt

L ¢ x ¢ia(t) 32 cos(mt)

——

Envelope

decays as a

—3/2

<=
~
<

1.2

1.0

0.8

0.6

0.4

0.2

0.0

—0.2

—0.4

102

tOSC

Misalignment mechanism for a generic scalar

H(t) > m
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At late times, the damping takes place over
cosmological timescales, while the oscillations are f

— Make a WKB approximation ¢, /... < m

d(t) = Peny(t) cos mt

L ¢ x ¢ia(t) 32 cos(mt)
~———

Envelope

decays as a~>/?

Look at the energy density in the scalar field

1 .2 1
/9¢,::: E§1¢> I 2277129b2 >> /?¢,()( CL__

10V

103

Misalignment mechanism for a generic scalar
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Misalignment mechanism for a generic scalar

We want to force this to be equal to the abundance of dark matter today

Quh? = Lop2 = _F¢

—— h? — 0.12
p 3HZM?,




Misalignment mechanism for a generic scalar

We want to force this to be equal to the abundance of dark matter today

Quh? = Lop2 = _F¢

—— h? — 0.12
p 3HZM?,

The density in our scalar field is:
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today lmz QSZ atoday h Qtoday N T1toda,y
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Misalignment mechanism for a generic scalar

We want to force this to be equal to the abundance of dark matter today

Quh? = Lop2 = _F¢
Pe 3H; M,

h? — 0.12

The density in our scalar field is:

3 —3 3
ptoday _ l mz ¢2 Qtoday h Atoday -~ ﬂoday Assume we're
¢ 2 /A I W e re a TOSC

Aosc 0SC late enough that

K g: = 3.4 = const.
2
a 4

To get these temperatures, use Friedmann eq: 3H*Mp, = 29T




Now, the axion case: How do we adapt this?
Axion is the Goldstone (6) appearing after the U(1)p(, is broken at scale f,.

We write it as the phase of a complex scalar field: ®(t) = p e®

A

V(®) = Veq(p) + Vacn(8) = < (6° - £2)% 4+ Adop (1 — cos6)

V(®)

Re(®) Im (@)



Now, the axion case: How do we adapt this?
Axion is the Goldstone (6) appearing after the U(1)p(, is broken at scale f,.

We write it as the phase of a complex scalar field: ®(t) = p e®

A

V(®) = Veq(p) + Vacn(8) = < (6° - £2)% 4+ Adop (1 — cos6)

V(®)
So our scalar field is now an angle in units of f, and

with a mass set by the explicit symmetry-breaking
term generated by QCD

A2
CD 7 /IA
& — 1,0 m — m, ~ R
fa Re(P)

Im(P)



The QCD axion abundance, is it correct?

For the generic scalar we got,
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For the generic scalar we got,

To convert this to the axion case, can | just replace:
10'* GeV ) .

¢; — 0;fo = O(1) f, m%ma%(iueV( 7



The QCD axion abundance, is it correct?

For the generic scalar we got,

To convert this to the axion case, can | just replace:
10'* GeV ) .
fa |

No! If you do this, you will not get what is quoted in the literature

¢i — 0ifa =~ O(1)f, m%ma%(iueV(

I 1.165
2 2 a
Q.h° ~ 0.126; (9 - 1011GeV> > Why?



The QCD axion

Mass is generated by instantons whose effects are temperature-dependent

In the literature this dependence is called the “topological susceptibility”, y(T')

V(0) ~ x(T)(1 — cos0) = m2(T) f?(1 — cos 6)

a

Axion mass grows as temperature drops,
reaching a constant when T' < Tyqp

V(6)

—37T —27T — 7T 0 7T 27T 37T



The QCD axion

Mass is generated by instantons whose effects are temperature-dependent

In the literature this dependence is called the “topological susceptibility”, y(T')

V(0) ~ x(T)(1 — cos0) = m2(T) f?(1 — cos 6)

a

Axion mass grows as temperature drops,
reaching a constant when T' < Tyqp
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The QCD axion

Mass is generated by instantons whose effects are temperature-dependent

In the literature this dependence is called the “topological susceptibility”, y(T')

V(0) ~ x(T)(1 — cos0) = m2(T) f?(1 — cos 6)

a

Axion mass grows as temperature drops,
reaching a constant when T' < Tyqp

V(o
r< Ty VO

VY2

—37T —27T — 7T 0 7T 27T 37T




The QCD axion

Mass is generated by instantons whose effects are temperature-dependent

In the literature this dependence is called the “topological susceptibility”, y(T')

V(0) ~ x(T)(1 — cos0) = m2(T) f?(1 — cos 6)

a Lattice QCD calculation, Borsanyi+ [1606.07494]

102 -

_ 10
Axion mass grows as temperature drops, 10° 1
reaching a constant when T' < Tyqp 102 F
\ 107 t
T<Toe, V(0) E
QCD = 106 |
0" [
. . 1070 |

9 10-12 . . . . .
100 200 500 1000 2000

—37T —27T — 7T 0 7T 27T 37T



The QCD axion mass

ﬂ | IR | IR | T TTT]
H(t) > m,

The tilt comes on gradually as

the temperature drops
3 V(®)




The QCD axion mass

H(t) > m,

<
Fo

101

m,t

109

L1111 | | 111
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The tilt comes on gradually as

the temperature drops
V(®)
«(0)

3

—
1 — 9
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ssew UoIXy

) +3HO +m20 =0

'

1§ 4 3HO + my(T)?sin(f) = 0



QCD axion abundance

® Full calculation leads to:
7.26 ueV

Mg

n—+6

) n-+4

® Seems to prefer the “classic QCD
axion window"”: O(1—10) ueV

Q. h? ~ 0.12 93(

wheren ~ §

— but what should we pick for 6, ?

Axion-photon coupling [GeV ]
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Astrophysics

Light-shining-through-walls

Telescopes

Axion mass [eV]
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The issue is that Tp, > T cp

The Universe should be filled with

random 6, everywhere since the axion
didn’t know about the preferred
angle when the PQ phase transition

happenea
PQ




When did inflation happen?



When did inflation happen?

Option 1:
PQ is broken before and during inflation




When did inflation happen?

Option 1: Option 2:
PQ is broken before and during inflation PQ is broken after inflation

After PQ breaking

PQ unbroken — axion

PQ broken — axion exists doesn’t exist yet

- i3 L, .

N F -;’ - . o
; Fe. R e
s » & Ly ok .

i ; 1
A i3

0; = const. 0, :;{ random




When did inflation happen?

Option 1: Option 2:
PQ is broken before and during inflation PQ is broken after inflation

After PQ breaking

PQ unbroken — axion

PQ broken — axion exists doesn’t exist yet

9 ;»':T_ v,__‘-.-
0; = rand
o .
2 Const. i = ranaom
g

* i ¢ 4

Pre-inflationary scenario Post-inflationary scenario
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7.26 ueV ) e

Mg

Pre-inflationary axions .n?~o0.12 03(

Our Universe could have been given any value of . € [—x, 7]. So we can
make any axion mass work as long as we choose the 6, that gives Q_h* = 0.12
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Pre-inflationary axions .n?~o0.12 9?(

Our Universe could have been given any value of . € [—x, 7]. So we can
make any axion mass work as long as we choose the 6, that gives Q_h* = 0.12

Peccei-Quinn scale, f, [GeV]
10 101 10t 10t 10t 10** 10Y% 10%% 101t 101 107 10 107 @ 10°

0, = 107* 1073 102 1071 r/6 w/2 w—0.1

10-3 10712 104 1071 10° 10°% 107 10°® 10> 10%* 103 10¢%¢ 10! 10 10t
QCD axion mass, m, [eV]



7.26 neV ) e

Mg

Pre-inflationary axions .n?~o0.12 9?(

Our Universe could have been given any value of . € [—x, 7]. So we can
make any axion mass work as long as we choose the 6, that gives Q_h* = 0.12

Peccei-Quinn scale, f, [GeV]
10 101 10t 10t 10t 10** 10Y% 10%% 101t 101 107 10 107 @ 10°

6, = 10+ 102 i) 2 101 r/6 7w/2 7w—0.1

Fine tuning needed to Axions underproduce dark

: : — anthropic axion?
avoid overproduction P matter even for 0. — 7

10-3 10712 104 1071 10° 10°% 107 10°® 10> 10%* 103 10¢%¢ 10! 10 10t
QCD axion mass, m, [eV]



Pre-inflationary axions: isocurvature

A7 (ko)

Blko) = < 0.038
. . . . (ko) A% (ko) + Az (Ko)
® Axion exists as scalar d.o.t during inflation 6000 ._ . | | | | |
, . 4
— guantum fluctuations are also inflated 0y
- ~H./? 5000 4| -
. Oaxion 1/ 4 S % 4 ACDM, Adiabatic
® Fluctuations eventually become matter N\ | (Planck)
. . 24000 F . Vd -
perturbations when the axion gets a mass o o
® This is bad: they will be uncorrelated with N 000 45
. . =9 B ;‘ -
curvature fluctuations from inflaton. Such O ;  lsocurvature
. . —
fluctuations are called isocurvature + 2000} § _
® Planck bounds power in isocurvature to be = > ; -
. . O '~ 4 s =% 500
less than <4% compared to primordial T T O Ny W
. 74 Vo0 00k,
curvature perturbations. K RN
) _—

| | | | | |
0 200 400 600 800 1000 1200 1400
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Pre-inflationary axions

For a given f, the scale of inflation must
be below some maximum value or
axion produces too much isocurvature

fa
10 GeV

H; < 2.8 x 10° GeV x Hz-(

Peccei-Quinn scale, f, [GeV]
10 10 10" 10* 10%> 10" 10" 104 10 10 107 10° 107  10°

0; =10 1073 102 101 r/6 7w/2 7w—0.1

10-3 10712 104 1071 10° 10°% 107 10°® 10> 10%* 103 10¢%¢ 10! 10 10t
QCD axion mass, m, [eV]



Pre-inflationary axions

For a given f, the scale of inflation must
be below some maximum value or
axion produces too much isocurvature

fa
10 GeV

H; < 2.8 x 10° GeV x Hz-(

Peccei-Quinn scale, f, [GeV]
10 10 10" 10* 10%> 10" 10" 104 10 10 107 10° 107  10°

0; =10 1073 102 101 r/6 7w/2 7w—0.1
10 10" 10” 10° 107 10°
Maximum H; [GeV] consistent with axion DM

10-3 10712 104 1071 10° 10°% 107 10°® 10> 10%* 103 10¢%¢ 10! 10 10t
QCD axion mass, m, [eV]



Post-inflationary scenario

Inflation has already happened before
axion was born

— Universe filled with many values of 6.
— Different value in every causal patch




Post-inflationary scenario

Inflation has already happened before
axion was born

— Universe filled with many values of 6.
— Different value in every causal patch
— Patches come into contact as horizon grows.




Post-inflationary scenario

® \We have an ensemble of every possible

0. sampled across our Universe.
® Stochastic average:

62 ~ (;’5) ~ (181)

Peccei-Quinn scale, f, [GeV]
10 10 107 10 10 10* 10% 104 10" 10" 10° 10° 107 10°

10~ 10712 1011 10719 10° 107°% 107 107 10 10~* 10> 102 10! 10 10t
QCD axion mass, m, [eV]



Post-inflationary scenario

® \We have an ensemble of every possible

0. sampled across our Universe.
® Stochastic average:

62) ~ (%) ~ (181)

Peccei-Quinn scale, f, [GeV]
10 10 107 10 10 10* 10% 104 10" 10" 10° 10° 107 10°

In the post-inflationary scenario only one mass
is consistent with observed DM abundance
(Up to theoretical uncertainties)

Overabundant «—— — Underabundant

10~ 10712 1011 10719 10° 107°% 107 107 10 10~* 10> 102 10! 10 10t
QCD axion mass, m, [eV]
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But there’s a complication




But there's a complication: V@

Different patches meet up
— Field gradients!
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DO

«— 0 +3H0 +m26 =0

Q
DO

= Cosmic strings
from axion field

winding around 2x




But there's a complication: V@

Different patches meet up
— Field gradients!

— 4+ 3HO- — V04 m

. Stri Wall Stri
= Domain walls SR 9

= Cosmic strings

from axion field between true/false

winding around 27z vacuum (0 and 7)




Brute force solution: simulate

—_
|4 N
% S
...on an ...to measure the ...and predict its
Evolve the , ,
e expanding relic abundance present day
axion field... , , .
attice... of axions... distribution

Gorghetto+[2007.04990], Buschmann+ [2108.05368], Vaquero+ [1809.09241], O'Hare+ [2112.05117]



Evolution of the axion
field in the post-
inflationary scenario

Projection through 3D co-moving
box, coloured by integrated axion
energy density:

= —q S Va

+x (1 —cosa/f,




Evolution of the axion
field in the post-
inflationary scenario

Projection through 3D co-moving
box, coloured by integrated axion
energy density:

= —q S Va

+x (1 —cosa/f,




Evolution of the axion field
in the post-inflationary scenario

String network scaling

c



Evolution of the axion field
in the post-inflationary scenario

PQ

String network scaling

Domain walls attached to strings
— network collapses

QCD




Evolution of the axion field
in the post-inflationary scenario

PQ

String network scaling

Domain walls attached to strings
V(0) — network collapses

Inhomogeneous distribution of
axions free streams until non-
relativistic

Seeds of structure
gravitationally collapse
into miniclusters and halos




Axion string network

Network is expected to enter a “scaling

M. Gorghetto

solution” where strings straighten and

loops collapse at roughly the same rate as

the horizon grows
— Number of strings per Hubble

volume, &(f) = const. + log-violations

Core size set by m, ~ \/zfa

my.

H

Pstrings ™ 5 X fc?}fz lOg
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Required dynamical range:

Largest scale = Inter-string spacing ~ H(f)™!

-1 _ ¢-1

Smallest scale = string core size = m,

® Dynamical range is a function of time, so

m,/H gets larger (strings shrink in co-
moving coords)
® For physical QCD axion models need to get

to log(m./H) — ~ 70
e With ~8000° lattice sites can do up to
log(m,/H)~6—9



Axion string radiation uncertainties

/k

will be the ultimate spectrum of axions when they = z T

axions radiated from strings become DM IR

Adapted from Redondo, Saikawa

UV dominated (g<1) Opstring -
— Most radiation comes from string cusps Ok ]//,3

and loops (fewer axions)

IR dominated (g>1)
— More radiation comes from
straightening of long strings (more axions)

Scale invariant (g=1)? e.g.[2108.05368]
— Equal axions from each decade in k




Extrapolating beyond
the end of the
simulations could be
treacherous and has
large consequences for
axion mass prediction

Tq

H f3
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100 -

Axion string radiation uncertainties

Redondo, Saikawa 2023 (preliminary)
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After focp axion tield torms

quasi-stable solitons that lay
down small-scale perturbations

These eventually form AU—mpc

gravitationally bound clumps of
axions with masses

M e [107°,107°] M

— axion miniclusters




After focp axion tield torms

quasi-stable solitons that lay
down small-scale perturbations

These eventually form AU—mpc

gravitationally bound clumps of
axions with masses

M e [107°,107°] M

— axion miniclusters




Miniclusters

Minivoids

Miniclusters contain >80% of the
axions but make up <1% of the
volume

Earth travels through galaxy at about
0.2 mpc per year, so experiments are
much more likely to sample the
minivoids than the miniclusters




Typical “worst case scenario” density
would be inside the minivoids
~10% of large-scale average density

Minivoids are mostly stable by final
simulation time (z~100)

,A\(l4 [TITET T [IITEE T E ] 1 § B B I [TTT] 100? """""""""""""" A i
—&— Same mass ICs, L = 0.6 pc
—&— Diff. mass ICs, L = 0.4 pc
03 —&— Diff. massICs, L =0.2pc - =
B
U
10-1 v = 14 mpc, Ny = 249

Ry =10 mpc, N, = 603
== Ry =7mpc, N, = 2058
= Ry =5.5mpc, N, = 4385

<
p—
I

Minivoid energy, pv/ (o

OO [ | I [ T [ [ \\/0.08‘
. 106 105 104 103 102 Q>_ Ry =55 mpc, Ny = 4385
> 0.06 1% = 499 : ¢ = 11 mpc, Ny = 4458
e 10—1 r=3Ay 100 Rl 101
r/ Ry

Eggemeier, CAJO+ [2212.00560]



See lecture by
Georg Raffelt

Summary of axion mass post-dictions

Next lecture
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2006.04809

Predictions for Axion Couplings from ALP Cogenesis

Standard Model — Axion — Seesaw — Higgs Portal Inflation.

Five problems of particle physics and cosmology

solved in one stroke
Raymond T. Co,' Lawrence J. Hall,»3 and Keisuke Harigaya®

1610.01639 1 Leinweber Center for Theoretical Physics, Department of Physics,

T VISHv: a unified solution to five SM shortcomings with a protected electroweak scale T
101 1C 010!
Alexei H. Sopov* and Raymond R. Volkas!

ARC Centre of Excellence for Dark Matter Particle Physics, School of Physics,
The Unwversity of Melbourne, Victoria 3010, Australia

2206.11598

djohare/AxionLimits



Peccei-Quinn scale, f, [GeV]
10" 10 10 10 10" ~10* 10 10% 10 10 10° 10° 107 10°

Berkowitz, 2015
Lattice/ X(T) : Bonati, 2016 s

Borsanyi, 2016
Petreczky, 2016 mm
Dine

10-183 1012 101 1010 10=° 10°% 107 10°°® 10> 10~% 103 102 10! 10 10!
QCD axion mass, m, [eV]

github.com/cajohare/AxionLimits



Borsanyi+ [1606.07494]
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Figure 3:  Relation between the axion’'s mass and the initial angle 6y in the pre-inflation scenario.
The post-inflation scenario corresponds to 6, = 2.155 with a strict lower bound on the axion's mass
of ma=28(2)ueV. The thick red line shows our result on the axion’s mass for the post-inflation case.
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Axion models with domain wall number > 1

V(H) ~ —X(T) COS(NDWe)

— 7T 0 T

Axion cycles around Ny times between (—7, 7)

In general get more axions from wall decay, so preferred m , is higher

On their own Npw > 1 models are not allowed. Domain wall network

| gets stuck and overwhelms the cosmic energy density.
Hiramatsu+ [1207.3166] ® Must have some “bias” to tip the scales to preferring one minimum

(e) Npw =6
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QCD axion mass, m, [eV]
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10~ 11 Astrophysics
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Non-standard axion/ALP post-dictions
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Haloscopes
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Stars
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ALP misalignment
(early matter domination)

Telescopes‘\ |

1012 10~ 10-19 102 1078 107 10°° 10~ 10~% 103 102 10!

mg [eV]

10V

101

e QCD axion with a non-standard

Mass,
~ e.g.[2102.01082]

® ALP with a temperature-

independent mass
— e.g.[2112.05117]

® Axions in non-standard

cosmologies
— e.g.[1911.07853]

® Variants of misalignment
mechanism: axion rotations,

parametric resonance etc.
— e.g.[2006.04809]

github.com/cajohare/AxionLimits



How cosmology can bound the axion
parameter space
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Thermal production of axions

At very high temperatures even axions can be "=, " "2
in thermal equilibrium with SM bath ::3%% )
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Thermal production of axions

At very high temperatures even axions can be "=, " "2
in thermal equilibrium with SM bath :}% )
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Thermal production of axions

At very high temperatures even axions can be "=, " "2
in thermal equilibrium with SM bath }ﬁ .

Viaeg.g+g<o g+alhighT)orn+rn< n+a(lowT)

. LT B N ¢
Production rate: T' ~ n{ov) ~ 10™* >

Axions “freeze-out” when Av

' < H(f) ~ T*/ My,

M

f 2
Td~108GeV( 2 )

I'<H

thermal eq. maintained Production can’t keep up with expansion

10 GeV



Hot dark matter axions

It they are heavy enough then the thermal axion background contributes a form of
hot dark matter (similar to neutrinos) which is heavily constrained by LSS+CMB

—
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o1

D'Eramo+ [2205.07849]
I

B [ [ [ [ [ T [ [ [ [ [ [ T [ | |
-Large scales Small scales-

i i anck1l8(No-lensing)
anckl8
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Thermal axions and N

Quantity effects of new relativistic species

1
on early-Universe expansion rate via energy O
density in units of a single neutrino (AN« )
| 7 4 4/3 10Y
pr= |1+ <) Vet +ANett)|py
8 \ 11 T
L T >
NSM — 3,044 <
10-1

o CMB-Stage 4 is targeting AN, = 0.03
® Could constrain axions decoupling before EWPT
® Quite plausible we could detect a relic

population of thermal axions 102 b

Time —
ns Us ms S

CMB-S4 (1¢)

CMB-S4 (20) -

. A
TeV

CeV | Mev
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Axion-photon coupling [GeV 1]
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Axion-photon coupling [GeV 1]
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Lower bound on the axion mass: fuzzy dark matter

® Wave-like DM has a finite “incompressible” size given by its wave coherence length 4 = 1/mv.
® Perturbations below an effective Jeans scale (1/k;) cannot grow due to wave effects

® For very small my this could become of comparable size to DM halos that we know exist

Schive+ [1406.6586]
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Lower bound on the axion mass: fuzzy dark matter

Adapted from [2203.07354] Rogers+ [2007.12705]
E 10l F3 Axion dark matter mass |[log(eV)]
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CAST

POLARBEAR Diffuse SNe

Ely dratA

Super; star clusters
M8
H1821+643
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a
DM-axion induced birefringence,
Fedderke+ [1903.02666]
— axion-photon interaction rotates linear polarisation
— Washout of measured CMB polarisation by
recombination due to early-time oscillations

— Local oscillating polarisation due to DM at Earth
measurable by CMB experiments in time-domain

10— 10~ 10~ 10 107 10® 107 107" 10°'® 107 10°™*

m, |eV]
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Search for axion decay line at w, = m,/2

y
in galaxy spectra (e.g. MW dwarf

spheroidals w/ high DM densities)
See recent Todorello+ [2307.07403]
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L L B | A | A
0.9~ ma=3ev’gaw=2X10'12GeV'l |

— m_=5eV,g_= 10"% GeV'"'
a ayy

Flux [10_20 erg/s/cmZ/A]

0LE10°6002

0 bt il
0.1} l ‘
_02_ | I | 1 | 1 Hl 1 |I

5000 6000 7000 8000 9000
Wavelenght [A]
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m&l [eV] github.com/cajohare/AxionLimits



“Near-tield cosmology”
— The structure and tormation history of
our own dark matter halo



Axions in our galaxy: Wave-like dark matter

We know the local mass density of DM ( ppy & 0.4 GeV/cm?® ), but not the number density

Occupancy = Number of particles per de Broglie volume: N = (ppyi/m) X )\33

Typical DM velocity in galaxy v = 300 km/s = 10™>¢

VN 1032(100ueV)4

Mg
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Axions in our galaxy: Wave-like dark matter

We know the local mass density of DM ( ppy & 0.4 GeV/cm?® ), but not the number density

Occupancy = Number of particles per de Broglie volume: N = (ppyi/m) X )‘S)iB

Typical DM velocity in galaxy v = 300 km/s = 10™>¢

VN 1032(100ueV)4

Mg

111 I I I L]

Macroscopically
occupied ground state

!

Classical field
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Wave-like dark matter




Wave-like dark matter

2
Amplitude: A = v 2pou
m
1
Frequency: w = m + Emvz
~ m(l + 10_6)
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Oscillation remains
coherent for 10° cycles



Wave-like dark matter

2
Amplitude: A = v 2ppu
m
1
Frequency: w = m + Emvz
~ m(l + 10_6)
— —

Oscillation remains
coherent for 10° cycles

How do we know what to put in for density and velocity?



Dark Matter Halo

Galactic Disk

(You are here)



[2309.0004 8]

|— Dark Matter Halo

””1OM,” ,wisumm“,nzdmww.wm”mmmmmmmw
R [ kpc ]

p(R = 8kpc) ~ 0.4 GeV/cm3

Galactic Disk

(You are here)



Distribution function for dark matter in the Solar System




Assuming the dark matter does not co-rotate with the disk, most effects come

about from our laboratory’s motion through the dark matter: v, ~ 300 km/s




Sun/Earth motion leads to
characteristic signals
independent of DM model

— Annual modulation
= — Gravitational focusing by Sun
| — Direction-dependence

Viab = VLSR T Vpec - Vo, rev. (t)
—_— S —

Sun: Earth:
260 km/s +15 km/s (left-right)
+20 km/s (up-down)



Usual assumption for f(x, v): the Standard Halo Model (SHM)

* Infinite isothermal sphere — Simplest halo model that gives a flat rotation curve
® Truncate at v > v, so as to not include unbound particles

Vecire — 220 km S_1

Dark matter halo Voge = 544 km S—l

0, = Vcirc./ \/5




DM Flux

1. Annual modulation

June
Dec

| | | | | | |
0 100 200 300 400 500 600 /00 800

Speed (Earth rest frame) [km/s]

DM FlUX X Vf(v + Vlab)

® |ntegrated flux is maximum
during June and minimum in
December (few % modulation)

® |f sampling over distribution at
lower-speeds only, phase is
flipped (maximum in Dec.)



® Additional ~2% modulation in DM density

2. Gravitational focusing

® Distortion to f(v) at small speeds:
V < Vege = \/ZGM@/T ~ 40km /s

2.5
— Unfocused
—Focused
2
QU
1.5
§=
b
20
- 1
@
=
)
5@ 0.5
0
-0.5
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan
Time |days|




® Additional ~2% modulation in DM density

2. Gravitational focusing

® Distortion to f(v) at small speeds:
V < Vege = \/ZGM@/T ~ 40km /s

Distinct effects
03 for the wave-
like case
relevant for

low-mass

axions

1.0
g 09 U0 0o |1

z [AU] See [2112.05718]
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3. Directionality
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3. Directionality
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3. Directionality

- (GGalactic

0 plane
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The dark matter flux on Earth is highly anisotropic towards constellation of Cygnus

(I)forward/ (I)backward ~ 0(10)
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3. Directionality

- (GGalactic

0 plane

e ——— g -

The dark matter flux on Earth is highly anisotropic towards constellation of Cygnus

(I)forward/ (I)backward ~ 0(10)



How do the speed distribution, annual modulation,
directionality manifest in the wave-like case?

\/ 2ppM
= Amplitude: A =
_ Frequency: w = m + 5 mu

~ m(l + 10_6)



How do the speed distribution, annual modulation,
directionality manifest in the wave-like case?

\/ 2ppM
= Amplitude: A =
_ Frequency: w = m + 5 mu

~ m(l + 10_6)



Wave-like dark matter, properly

Superposition of plane waves in some box of volume, V

3
P x) = \/‘—// ((21771)33 B(p)e - PxHAR)
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Wave-like dark matter, properly

Superposition of plane waves in some box of volume, V

3
o) = \/‘_// ((217:;3 d(p)e " TPAHR)

Only when we measure over some short enough time/length
scale do we have:

¢ = ¢y cos(wt — p - x + )
\ N \Arbitrary phase

Random Random draw from the
amplitude velocity distribution




Wave-like dark matter, properly

Superposition of plane waves in some box of volume, V

3
P x) = \/‘7/ ((217TI))3 B(p)e - PxHAR)

Only when we measure over some short enough time/length
scale do we have:

¢ = ¢y cos(wt — p - x + )
\ N \Arbitrary phase

Random Random draw from the
amplitude velocity distribution
What is considered “short enough”?
— Coherence length and coherence time: A\ 27T - 27
. o o . COh MN\Y COh N\
the length/timescale over which field will be m a2

out of phase with itself



zeV aeV feV peV
uHz mHz Hz kHz
10*yr century yTr week hr min
pC mpc AU Ra Ra

T 5

neV neV meV eV

Frequency = m /27t
MHz GHz THz

Coherence time ~ (mov?) ™!
S ms 1S

Coherence length ~ (mv) !
100 km  km m cm

N 90 A9 A% AT A AD AR A A2 AY A0 .9 % T b 9% & % 2 A D
207 407 407 407 407 407 A0 A0 A0 40T 407 407 40T 40T 40T 40T 40T 40T A0 40 40 A
Dark matter mass [eV]



zeV aeV feV peV neV peV meV eV

Frequency = m /27t
uHz mHz Hz kHz MHz GHz THz

T..n > Experiment duration Coherence time ~ (1m0

2\—1
10*yr  century yr week hr min S ms us )

Coherence length ~ (mv) ™!
pc mpc AU Re Ry 100km  km m cm

N 90 A9 A% AT A6 AD AR Ad A2 Ay A0 9 % T 6 5 & % 12 A O
207 407 407 407 407 407 A0 A0 A0 40T 407 407 40T 40T 40T 40T 40T 40T A0 40 40 A

Dark matter mass [eV]



zeV aeV feV peV neV peV meV eV

Frequency = m /27t

uHz mHz Hz kHz MHz GHz THz
T..n > Experiment duration Coherence time ~ (71v2)~]
10*yr  century yr week hr min S ms us
Ao > Experiment size Coherence length ~ (mv) !
pc mpc AU Rq Ry 100km  km m cm

N 90 A9 A% AT A6 A% AR A% A2 Ay A0 9 % T b6 5 & % 2 A D
407 407 407 407 407 407 407 40T A0 407 407 407 10T 40T 40T 40T 40T 40 40 A0 40T A0

Dark matter mass [eV]



zeV aeV feV peV

uHz mHz Hz kHz

T..n > Experiment duration

10*yr  century yr week hr min

Aeon => Experiment size
pC mpc AU Re Reg

T 5

neV neV meV eV
Frequency = m /27t
MHz GHz THz
Coherence time ~ (mov?) ™!
S ms s

Coherence length ~ (mv) ™!
100 km km m cm

N 90 A9 A% AT A AD AR A A2 AY A0 .9 % T b 9% & % 2 A D
407 407 407 407 407 407 407 40T A0 407 407 407 10T 40T 40T 40T 40T 40 40 A0 40T A0
Dark matter mass [eV]

~week-long integration will
observe almost perfectly

monochromatic signal

(Worry instead about random
amplitude)



zeV aeV feV peV

uHz mHz Hz kHz

T..n > Experiment duration

10*yr  century yr week hr min

Aeon => Experiment size
pC mpc AU Re Rg

T 5

neV neV meV eV
Frequency = m /27t
MHz GHz THz
Coherence time ~ (mov?) ™!
S ms s

Coherence length ~ (mv) !

100 km km m cm |

N 90 A9 A% AT A AD AR A A2 AY A0 .9 % T b 9% & % 2 A D
s\ b s\ > A07 10 40 40 A0 10 40 40 10 40 140 40 40 40 40 40 40 40 40 A0
Dark matter mass [eV]

~week-long integration will
observe almost perfectly

monochromatic signal

(Worry instead about random
amplitude)

Field oscillations are out of
phase in different parts of
<m-scale experiment



Wave-like dark matter

How do the speed distribution, annual modulation, directionality manifest in the wave-like case?

O‘f(w) Stochastic . . o « Lo . 1 1
A 1o ’r’ 1noise~a — Speed distribution leads to a distinctive “lineshape
\‘ ‘\J LEP j \ ain halo I .
J “ \J‘(MQN?O% in frequency that will modulate over the year
(‘ LU v‘“\‘\‘\‘;3”.5,\\;'\“"‘, Substructure —_ dv
‘ ‘ Ly 2> 10° f(wa t) — f(va t)
0 yuet
Jan-



Wave-like dark matter

How do the speed distribution, annual modulation, directionality manifest in the wave-like case?

“‘\‘\ \‘ J\

) 4 LSl SR ,\"\ dv
. w9y A Substructure _
el ey \;\“.\_ 0> 10° f(a)’ t) _f(V, l‘) _—
A : \ "\\.\J“. ‘ | da)
L |

Oéf((«d) L g \ ) StOChaStiC ° ° ° ° ° ° 1H1° 117
A Ao \‘J}t(fﬁﬁj\ hoise ~ @ — Speed distribution leads to a distinctive “lineshape
Jsb '[,\f‘!\‘{‘] X i ‘U‘)\u\‘\f\" j\_\ I . .
ke -;\,\};\\Ji\‘\.\.\,MQN?Og in frequency that will modulate over the year

Jane

m, - 1) X 106 2.D 9 -

A — Directionality could appear in two forms:
Nucia: — Experiments that are larger than coherence length

Hyper-

— Experiments that measure the field-gradient:

V¢=\@Vsin(a)t—maV~X+ﬁ)

MADMAX CASPEr-Gradient



But how much do we trust our assumptions?

Is the DM halo
spherical?

s the DM speed
distribution
Maxwellian?

ls the DM halo
stationary?



But how much do we trust our assumptions?

s the DM halo

N
spherical? °

—

s the DM speed

distribution ——

Maxwellian?

Probably not

ls the DM halo
stationary?

—

Probably not



Triaxial axis ratio
10:7.9:4.5
Major axis at ~35°
from disk plane

lorio & Belokurov
2019

10:7.9:4.5-6.6
~20°

Zgal [kpc]

40}
20}
<o |
Q. L
-

J— 0 -
g L
>
_20 -

40 % Apocenters ]

...................
40 20 0 20 40

an+ [2208.04327]

Naidu+[2103.03251]
(H3 survey)

9a/ ~40
[ k,Oc] 40
40 401
20 201
_ le |
of 1= of
I | !
- -4 Nm -
=20} =201
-40 -40}
......................................
40 20 0 20 40 40

y [kpc]

lorio & Belokurov
[1804.11347] (RR Lyraes)

- Data
- == Triaxial model




Figure rotation/tumbling of DM halo

Simulations find typical pattern speeds for triaxial halos in the range:
Q, ~0.15 — 0.6 kms 'kpc ' ~ 9° — 35°Gyr '

— MW spin cannot be anomalously large or the Sagittarius stream would look
measurably different from the way it does (Valluri et al. 2009.09004)

,0,-0.8)
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s |

& |

Even extreme figure
rotation would not
reduce directionality of g, Sl
DM flux in Solar System (G

10
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Velocity distribution of the MW stellar halo

Substantial evidence for recent
merger event with a dwarf galaxy

filling much of the inner halo

— The Gaia-Sausage-Enceladus
(GSE)




ey The GSE Merger:
- - tars+DM brought in on
ighly radial orbits by a

0%-10 M, stellar mass
alaxy merging with the

W 8-10 billion years ago

Helmi et al. [1806.06038]
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Ultimately the relevance of these structures for dark matter is only
something that direct detection can reveal. That's why we call our
experiments “"Haloscopes”

DM speed distribution
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