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Abstract: <p>The QCD axion is acurious Dark Matter candidate, having a mass like the neutrino, but behaving as Cold Dark Matter. | will review
how this occurs, and discuss the interesting question of whether WIMPs could be distinguished from axions with Large Scale Structure data.</p>

Pirsa: 15060003 Page 1/41



...in the Alphabet of Bsm Curiosities...

Ais for axion

e particle from Beyond-the-Standard-Model, but light. (So forget usual EFT)

e very light (,fu ~ 10—4 eV) very weakly (()ll|)|f=(| (N l()_l"z), theoretically beloved
(pseudo) scalar

., but COLD Dark Matter

rri

e one parameter model: couplings o< Mass (for QCD axion

Axion-Like
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Outline

1. why the QCD axion?

e the strong CP problem

e the axial anomaly in QFT and

Peccei4+Quinn’s solution
e astrophysical constraints

2. the story of the Universe (according to axions)

e inflation and the birth of the axion: which first?

e the QCD phase transition: the axion gets a mass

e contributions to Cold Dark Matter: field, and particles from strings
3.

structure formation with axion Dark Matter : distinguishing from WIMPs?

e Sikivie's scenario and the Bose Einstein Condensate
e D’aprées moi, principle is simple...the stress-energy tensor is different...

practise is difficult : fluid DM in structure formation codes?
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Why the axion : the strong CP problem of QCD

Problem: can put a renormalisable, CP-violating interaction for gluons in QCD:
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Why the axion : the strong CP problem of QCD

Problem: can put a renormalisable, CP-violating interaction for gluons in QCD:

Af”’ 327

1 ,~A uvA gz ~A FuvA - ) . - N
— 3G, GM D — O05555G GPY R + 3 2. q, (D — my)q; A:1.8, GHW =e*Puvg g
< 4+ B2 E. B

But not observe electric dipole moment of neutron:
—= 0 < 10719 _not ~ 17 Pich deRafael
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Why the axion : the strong CP problem of QCD

Problem: can put a renormalisable, CP-violating interaction for gluons in QCD:

r
4!!-’ 3 97 - M

1, vA uvA gz A FurA — (T , ~ v P —
_'_'l'(f (l’l! ‘_()—'—'r( (;!HI +Zl;(!f( l,) —_— ffl,‘)(l,‘ A:1..8, GHY — ¢ }1(‘”I_$
£

<4 B4 E-B
But not observe electric dipole moment of neutron:
= 6/ < 107V, . not ~ 17 Pich deR

How to get rid of 67
1. add a symmetry, so that can “rotate” 6 away?

2. add a dynamical mechanism so @ settles to zero? o ENGERE

...these are equivalent, but to see why, need the anomaly...
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From the chiral anomaly to axion models e lifearan
DineFischlerSrednicki,Zhitnitsky

rednicki NPB85

1. the chiral anomaly says can remove it by a chiral phase rotn on massless quarks

_"().""'Ir/,' . JR —7 ¢ ’“""r'lq;{ = %4 ”':-.(r'(:' — 0 x ”i.‘_,(;( r

32m=< 32

qr. —_ ¢

In classical theory of massless quarks, chiral phase rotns are a sym

6L oc 0, JE 0
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1.
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From the chiral anomaly to axion models

hifmanVainshteinZakhar

DineFischlerSrednicki,Zhitnitsky
rednicki NPBS&¢
the chiral anomaly says can remove it by a chiral phase rotn on massless quarks
gy, —+ « —i60/4 qr. . )R —7+ ¢ t0/ fjH = ) ‘;_‘_._( (r — 0 x {)‘___( (r
In classical theory of massless quarks, chiral phase rotns are a sym
O L ox mr_...!_" () -GG
but not in quantum theory due to mass scale introduced for renormalisation (true, because predicts > v)
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From the chiral anomaly to axion models, ... ,‘1,“
DineFischlerSrednicki,Zhitnitsky
srednicki NPB85

1. the chiral anomaly says can remove it by a chiral phase rotn on massless quark

—i0 /4 i0/4 . gz P gz P
gy, —+ ¢ qr. . g —7+ ¢ qnRr —— HZ&‘_?_:.-'-'('(' — 0 x ,2:.__,(:(1
In classical theory of massless quarks, chiral phase rotns are a sym
L ox 09, J; () e
but not in quantum theory due to mass scale introduced for renormalisation (true, because predicts wg — v )

N

but SM quarks are not massless :(
0/2
YITILAR

magyrqgpr —» «
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Peccei Quinn

From the chiral anomaly to axion nlodelq_ln PR e sn—fors i

DineFischlerSrednicki,Zhitnitsky
Srednicki NPB85
1. the chiral anomaly says can remove it by a chiral phase rotn on massless quarks
—i0/4 /4 g2~ a2 7
gyj, —r ¢ v, qr. . qgRr — o’ / JR — HI%‘.Z,—.'-'('(' — 0 x 327.__,(;(1
In classical theory of massless quarks, chiral phase rotns are a sym
OL o< 09, J: 0=5GG
but not in quantum theory due to mass scale introduced for renormalisation
2. but SM quarks are not massless :(
marLqr — <%/ *qrqr
3. add ... quarks with a mass invariant under chiral rotns!
- r 1 /
— introduce new quarks, and new complex scalar ® = |®|e?*//, such that
b — ¢ 9/2P, whose vev (~ 10! GeV) gives mass to new quarks
L Csar + OuPToHd 4 i P 4+ {ADPTY + h.e.} + V(D)

4. 0 is gone, |®| and new quarks are heavy...remains at low energy «, the axion.
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Remains the axion at low energy

summary: traded CPV parameter # for a dynamical field a (with potential min at 0),
who is phase of ® ~ fe'e/f | f ~ 10 GeV.

=> only new particle at low-energy is the (pseudo-) goldstone a

Mg ™~ —mm O x J_()i'

] ]

) ) M fx - 10! GeV .
mixes to pion , eV

Srednicki NPB85

couplings to SM X — X Mg

alwavs to gluons < nucleon

model — dep to fermions (electrons) at tree

. (&
generically ~

to 2+ (triangle, and mixing with o)
o

= one-parameter, one-particle model, couplings o ,
self-interactions: V(a) =~ fiom?[1 — cos(a/fpqg)] ~ sm-a’
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Remains the axion at low energy

summary: traded CPV parameter # for a dynamical field a (with potential min at 0),
who is phase of ® ~ feie/J f ~ 10! GeV.

=> only new particle at low-energy is the (pseudo-) goldstone a

a ™ — = O x J_()i'
J J

. ) M fx - 1011 GeV
mixes to pon m -

couplings to SM X — X Mg

alwavs to gluons < nucleon

model — dep to fermions (electrons) at tree

. X
generically ~

to 24 (triangle, and mixing with o)
T,

- one-parameter, one-particle model, couplings o 2,
self-interactions: V(a) =~ fiom?[1 — cos(a/fpqg)] ~ sm?a’

S
—

>

L Sl € 7 ”h e
V£ 1

5o 6lfpg
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Astrophysical bounds Raffelt

axion light and (feebly) coupled to SM o =— o< 11124

JPQ
- (1
= produce in sun, He-burning stars(gae), supernovae(_q,,_.\r)...’7 VVWVe
«l e ¥ J(-\J;
e —— N " Primakoff

- —
\ \
7, ( e -

(axion couplings to e vs N vary across models by ~ 10)

upper bound on coupling to avoid rapid stellar energy loss:

ma = 1072 eV (fro < 107 GeV)
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The story of the (QCD) axion Universe
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7

W, Z bosons NS\, photon

. meson - galaxy

Key:

Q quark

g gluon skt & = baryon

e electron pr— ion

M muon Ttau bl -
) slac
(@) atom o hole Panticle Data Group, LBNL,

W neutrino
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Non-thermal axion production: Cold Dark Matter!

1. In the beginning, there was inflation

avoids CMEB bounds on isocurvature fluctuations :
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Non-thermal axion production: Cold Dark Matter!

1. In the beginning, there was inflation

TN A

avoids CMB bounds on isocurvature fluctuations :

2. Then the axion is born
D — ./.f ta/f (f ~ 1012 Gev)
a massless, random T < ao < 7 f in each horizon
<uﬁ>[' today ™ ,“'l'z‘/'"_.".';
...one string /horizon
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PreskillWiseWilcek
AbbottSikivie
Non-thermal axion production: Cold Dark Matter! DineFischler
1. In the beginning, there was inflation
avoids CMB bounds on isocurvature fluctuations :
2. Then the axion is born
b — /'f ta/ f
a massless, random mf < ap < wf in each horizon
2 2 £2 /9
<”“>1' today ™ 7 / /e
...one string /horizon
3. Laaaater: QCD Phase Transition (1" ~ 200 MeV): ..MMy (tilt mexican hat)
. ;. , . 9. /'
Mma(t) : 0 — frmx/f = Viia) = jl-;(‘)’”;[l — cos(a/ frq)l
at H me, misaligned” axion field starts oscillating around the minimum
energy (I(’”“aiTV er": ':!!“'J", /:"'( {) density today higher for smaller mass =+ correct £2 for ma < 10 Sev
Strings gO away (radiate cold axion particles, 7 ~ H < 10~ %mg) Hiramatsu etal etal + Saikawa

axion after inflation => oscillating axion field 4+ cold particles redshift like CDM
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PreskillWiseWilcek
AbbottSikivie
Non-thermal axion production: Cold Dark Matter! DineFischler
1. In the beginning, there was inflation
avoids CMB bounds on isocurvature fluctuations :
2. Then the axion is born
D — fe ia/f
a massless, random mf < ap < wf in each horizon
2 _2 £2 /e
<”“>[' today ™ / ';
...one string /horizon
3. Laaaater: QCD Phase Transition (1" ~ 200 MeV): ..MMy (tilt mexican hat)
. ;. . . 9. '
ma(t) : 0 — frmzx/f = Viia) = jl-;(,e”";[l — cos(a/ frq)l
at H me, misaligned” axion field starts oscillating around the minimum
energy density er": ':!!“.J"‘ /:"'(_ { ) density today higher for smaller mass = correct §2 for ma <~ 10 2eV
St r]r]}_’,t‘; f%() ;)\"Vt]v (radiate cold axion particles, p H 10 "-'-'-.;* Hiramatsu etal . eta Saikawa

axion after inflation => oscillating axion field 4+ cold particles redshift like CDM
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Summary so far...

e QCD axion solves the strong CP problem
e for m, < 1072 eV, stars live long enough (not cooled to fast)

e if born after inflation
avoid isocurvature bound from PLANCK
get correct $2c-payr tor my, 104 eV

o

Pirsa: 15060003 Page 20/41



From the QCD Phase Transition to today

What does gravity do with axions?

(7 distinguish from WIMPs in Large Scale Structure Data?)
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Structure formation with axions: Sikivie's Scenario_

1. Consider DM axions... HUGUFE occupation number of low-7 modes.
a) This enhances interaction rates.
b) In (thermal) equilibrium, would form a Bose Einstein Condensate.
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Sikivie’s Scenario

1. Consider DM axions... HUGUFE occupation number of low- modes.

"/

2. at] keV, gravitationa isation”

causes axions to form a “Bose-Einstein Condensate”

interaction rate H , so “gravitational therma

. )
mC N pa R3 G nming

5 - ZE

r’_\—f

A

axion BEC can support vortices, which allow caustics in the galactic DM
distribution. <> axion DM signature?
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Sikivie’s Scenario

Erke ikivie, Ta Yan
Bannik kiwv
1. Consider DM axions... HUGUFE occupation number of low-7 modes.
2. at’] keV, gravitational interaction rate H , so “gravitational thermalisation”
causes axions to form a “Bose-Einstein Condensate”
v »3 Y 2
r G N p oI Gnymgg
— >
R H?
3. axion BEC can support vortices, which allow caustics in the galactic DM

distribution. <> axion DM signature?

Pirsa: 15060003

Page 24/41




I am confused...

1. what is a Bose Einstein Condensate?
coherent scalar field carrying conserved particle number...
but is it constant everywhere coherent state of zero-mode particles?

Or not neccessarily?

2. Are we talking about fields or particles? Does it matter?
3. What is thermalisation? How to quantify?
4. ...vortices in BECs...happen when? Why?

5. what observables are we trying to compute anyway?

ask the path integral! The path integral knows everything...
(usually tells you nothing because can't compute

but axion most weakly coupled model | ever met, if perturbation theory works for QED, surely it works for axion?

Pirsa: 15060003
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Ask the Path Integral:

Suppose two CDM axion populations are classical field and distribution of cold
particles (from strings).
What are relevant variables and equations to describe evolution?
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Ask the Path Integral

Suppose two CDM axion populations are classical field and distribution of cold
particles (from strings).
What are relevant variables and equations to describe evolution?

e variables expectation values of n-pt functions (a axion)
(a) <+ classical field = misalignment axions a

(a(rq)a(xrs)) <> (propagator) + distribution of particles f (. p)

e get Eqns of motion for expectation values in Closed Time Path formulation

Einsteins Eqns with 7" (a.;. f) + quantum corrections( A, ()

—=>leading order is simple: Einsteins Eqns with T#"(a.;. ).
In practise: compute 7T#Y in usual 2nd quantised QFT, as expectation of the
operator in a coherent state + bath of particles
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Rediscovering...stress-energy tensors

non-rel axion particles are dust, like WIMPs:

f2 P
li”’ — T4 2.9
!N /N ’I,J'
mpare to perfect fluid ‘Il;“r (p ,'l-"“f';r ”_l“”z P g O ‘.'. » ), nonre P o, 1
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Rediscovering...stress-energy tensors

non-rel axion particles are dust, like WIMPs:

/l ,)f
Ly = — .
P PUV
Classical field in non-relativistic limit
/) /;f
Lyw = | & wiv; + AT |
/ Friva tJ AT? ~ d;adja . Aa®
’ kiwvie
“extra” pressure with classical field... not need Bose Einstein condensation!
BE condensate described (at leading order) as a classical field. Misalignment axions already a classical field. No need to
form a BE condensate 7

—> is structure formation different?
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small fluctuations (linear eqns : QCDPT » mat-rad equality and beyond)

init. cdns: large-scale, “inflationary”, adiabatic density fluctuations inherited at QCDPT: ",;‘,’) ~ cte

Eqns of motion: Einsteins Eqns and 77, = 0. For linear adiabatic perturbations:
. .. 9 k% _  op(k.t
o - Q2HS — 47 :"'\'ﬁr\ —+—(‘£+r5 — () O = (’7(—)
CIE(1) p(t)

( H Hubble rate, extra pressures in ¢ >~ 317/ 9p)

on LSS scales, k2 — 0, same equation/dynamics as WIMPs
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small fluctuations (linear eqns : QCDPT » mat-rad equality and beyond)

init. cdns: large-scale, “inflationary”, adiabatic density fluctuations inherited at QCDPT: (",;‘,’) ~ 1

Eqns of motion: Einsteins Eqns and 17,.,, = 0. For linear adiabatic perturbations:
O +2HS — 4r(C :.A’\‘ﬁl_;t’\_%(‘:)_?” — O = #
TIR=E(t) P(t)
( H Hubble rate, extra pressures in ¢z >~ 317/ 9p)
) . - -

on LSS scales, k= — 0, same equation/dynamics as WIMPs Ratra. Hwang+.Noh
?short distance differences: -

pressure and a Jeans length (R .n \ H »« horizon)

a random from on horizon to next, so dpa/pa AO(1) on QCD horizon scale

=1 9 H i H H sre'? f\’\/ 1

(5km then,10? km at Teg) axXion “miniclusters” (%7) ~ v/ a7 o N
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Distinguishing axions vs WIMPs in non-linear structure formation?

fluid eqns for non-relativistic axion field (black—eqns for dust) :

I p + V - (/JF) = )

‘[.’:/:ﬂ =0 -
P + p(v- V) = —pVVN+ extra pressures from field
—=> hack a structure formation code to run fluid DM (or field:Broadhurst etal)

compare to N-body (dust, phase-space) code
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Distinguishing axions vs WIMPs in non-linear structure formation?

fluid eqgns for non-relativistic axion field (black—eqns for dust) :

('),/1 +V - (/Nﬂ‘) = U
[;J :() ‘;,:;,

T

— |

PG + p(0 - V)0 = —pVVN=+E extra pressures from field

—=> hack a structure formation code to run fluid DM (or field:Broadhurst etal)
compare to N-body (dust, phase-space) code
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Trying to learn something analytically...(confusion in progress)
o

e fluid eqns for non-relativistic axion field (black—eqns for dust)

Pirsa: 15060003

L

Vi

t'),,;—-+— YV - (/)F) = U

/N'),I_'-—*— /J(r v)f—: —/)v“'\ 1 /JT’(—_.\‘}—J_ 1 (¥

211 VP
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Trying to learn something analytically...(confusion in progress)
o

e fluid eqns for non-relativistic axion field (black—eqns for dust)

('),/1—+— V - (/JF) = U

'/‘I;/'H — () S .
' o — — - 2 \vE > ,
pOT + p(F - V)T = —pVVN+pV (5L + |9l )
- A
e equivalent to non-relativistic eqns for axion field
1 o [P (7 1 G M
= T ("“' Tt pTe ””!) , B(Ft) = 4] Le 5T g S, Vy = — (r) g
v 2m \ ™ m : r
=r~ " < 0

self-interaction pressure inwards: -
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Trying to learn something analytically...(confusion in progress)
o

e fluid eqns for non-relativistic axion field (black—eqns for dust)

('),/J+ V - (/JF’) = U

1%,., =0 <
7 i} Vv < > . >
POt + p(0 - V) = —pV VN /T(_w_,— 19 ‘L)
- W
e equivalent to non-relativistic eqns for axion field
1 it + et — "‘Hf:“’_ tS(7.t) - 1 . ’ G M (r) 1
— Pe -+ O e . aplr. t — [ —e . ) —-—T,‘ﬁ . 1 = —— q [ —
“ v 2m ( ) (7 ) / Nl' ‘ m N r ! (31 <)
self-interaction pressure inwards: “=r—" < 0
* fluid parameters single-valued (= shocks, etc.) ... different from f (. p)

Bose Stars” in GR (eg Liebling, Palenzuela): solns for classical field coupled to GR

Rindler-Daller+Shapiro, Chavanis . stationary,rotating solns, with g, m ~ 10 22 &V to give galactic mass/radius
Broadhurt etal: numerics for the m ~ 10 22 eV case
| fix 172, g for QCD axion(m ~ 10~% eV, f ~ 10'! GeV); what sized solution?
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To make Andromeda with an axion field?

Euler Egn for the non-relativistic axion field:

0,7 + (T -V)T = ‘T( — Vi

Neglect LHS (v constant?):
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To make Andromeda with an axion field?

Euler Egn for the non-relativistic axion field:

‘ ) v'_’ T; 7 G M(r)
0 = \,_"'(—Hf'z‘\' —\_ (] /:) '\ﬁ_- 1 r
i ) . g = p—
_\ /J ‘i!_f“
Neglect LHS (v constant?):
1. balance gravity with gradient pressure in object of mass A[/:
| m2 M M 1 >
R — ulifll’ m2 M -~ ]l'l"”””
2. impose self-interactions < gravity :
m2R? - 1 > > "Mpl
n'!; ~ _f‘z = [] ~ fm
l’
I? 107 cm 107 3R . p~02 —="0 <= M 102%1e 1012 A1

2
cin’
Andromeda \%4 10" “ M -~ flat rotn curves to 100s kp« @
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Speculations...

Back to “miniclusters”: suppose the (O(1) fluctuations in axion density are “frozen”

"til pa ~ pPrad-

at matter-radiation equality, these “miniclusters” (A ~ 107%M ., I? ~ 10Y km),
decouple from Hubble flow and collapse. (recll: stable clumps were 10~ 1221..)

gravitational binding energy has to go somewhere — gradients...
...7?7 axion field configuration “fragments” into ~ 107 '2A/., lumps ?

2?7777 if DM is axion field, the halo of our galaxy is a phase space distribution
of lumps, number density ~ 1077 /au® (plus the particles from strings?).
So in LSS data, axions look like WIMPs? 7?27 72777
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Summary

The QCD axion solves the strong CP problem, and is consistent with astrophysics
and laboratory constraints for m, < 10 2 eV.

Non-thermal production mechanisms in cosmology can generate the observed relic
density of cold dark matter. If the axion is born after inflation, two populations
can arise at the QCD Phase Transition: the classical “misalignment” field, and cold
particles from the decay of strings. They give Qcpas for m, ~ 1077 eV.

To understand what gravity does with axions from the QCD Phase Transition til
today, the Path Integral suggests to calculate the axion stress-energy tensor, and
solve Einsteins Eqns:
The classical axion field has extra pressures and viscosities with respect to
WIMPs, which could affect non-linear structure formation.
= numerical galaxry formation?

To distinguish axion from WIMP CDM:
direct detection, axion effects on ~ propagation?
l“naybe Large Scale St ructure data? (or maybe not, since analytic estimates suggest that the axion field fragments

into lumps which might behave like WIMP CDM)
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Trying to learn something analytically...(confusion in progress)

e fluid eqns for non-relativistic axion field (black—eqns for dust)

('),/J—}— YV - (/JF’) = U

1%,., =0 <
7 i} Vv ¢ > . >
pOT + p(0 - V)0 = —pV VN /T(_w_,— t 19 ‘L)
— W
e equivalent to non-relativistic eqns for axion field
1 tnt + 2t - "‘.—f:;_ tS(7.1) . 1 v , ("‘J\I(") 1
— Ge -+ O e . plr. t —— [ —e ’ . ] -—-—T,‘ﬂ . 1 f == ——— q —_—
“ VvV 2mn ( ) (7. t) e ‘ m N r 4 (3! f2)
self-interaction pressure inwards: “=r—" < 0
* fluid parameters single-valued (= shocks, etc.) ... different from f (. p)

Bose Stars” in GR (eg Liebling, Palenzuela): solns for classical field coupled to GR

Rindler-Daller+Shapiro, Chavanis . stationary,rotating solns, with g, m ~ 10 22 &V to give galactic mass/radius
Broadhurt etal: numerics for the m ~ 10 22 eV case
| fix 172, g for QCD axion(m ~ 10~% eV, f ~ 10'! GeV); what sized solution?
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