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Birth of Axion in Cosmic Evolution

Unbroken Symmetry Broken Symmetry

> Axion field is born after PQ sym-
metry breaking

T ST ~vpg = Nfa

[Peking University]
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Birth of Axion in Cosmic Evolution

Unbroken Symmetry Broken Symmetry

> Axion field is born after PQ sym-
metry breaking

T <STYY ~vpg = Nfa -»>
> Cosmological evolution of axion
angular field 6 = A/f4 -
determined by V [Peking University]
. . \V£: 1 O A

V(6,7) = X(T) (1 - cos0) /\/\/

» (1l
-7 () +2r e
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Birth of Axion in Cosmic Evolution

Unbroken Symmetry Broken Symmetry

> Axion field is born after PQ sym-
metry breaking

TST.% ~vpq=Nfa

> Cosmological evolution of axion
angular field 6 = A/f,
determined by

\%& 1 0

Ot AA)

V(0,T)=x(T) (1 —cos#)

[Peking University]

0+ 3H(T(t) 6 —

> In causally connected region at
phase transition, axion takes
random initial value

[Uhlmann et al. "10]
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Vacuum Realighment Mechanism

> DM from vacuum realignment:
[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

V(a)

= In causally connected region at
phase transition, axion frozen at ran-
dom initial value

= Later when H(T) ~ m4(T), axion a
field starts to oscillate around zero;
behaves like cold dark matter:
wa =pa/pa =0
V(a)
a

[Raffelt]
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Vacuum Realighment Mechanism

. 12
> DM from vacuum realignment: : e
[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....] 15[ N _E
- me < 3H —Na 120
= |n causally connected region at g R frozen 415
phase transition, axion frozen at ran- o F axion number N, 319 _
dom initial value o5 / is conserved 3 €
B —5
= Later when H(T) ~ m4(T), axion o[ o
field starts to oscillate around zero; B =
behaves like cold dark matter: 0.5 - .
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10° me ~ 3H
10 axion starts rolling,
107 turns into pressureless matter.
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[Wantz,Shellard "09] '\ )%
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Vacuum Realighment Mechanism

> DM from vacuum realignment:

1 T T T T T
o 09} N -
g r 9.V, (M — |
[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....] 071 . . .  95(1/9:(T) — 1

= In causally connected region at
phase transition, axion frozen at ran-
dom initial value

= 70
= Later when H(T) ~ m4(T), axion 50
field starts to oscillate around zero; ol
behaves like cold dark matter:
wpa = pA/pA ~ () o 10 107 10° 100 10°

T (Me'

[Borsanyi et al., Nature "16 [160\%.0794]]
> Crucial QCD input for prediction

of axion DM abundance:

= Equation of state at temperatures
around 1 GeV: determines H(T)
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Vacuum Realighment Mechanism

> DM from vacuum realignment:
[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83
= In causally connected region at

phase transition, axion frozen at ran-
dom initial value

= Later when H(T) ~ m4(T), axion
field starts to oscillate around zero;
behaves like cold dark matter:

wa =pa/pa =0

> Crucial QCD input for prediction
of axion DM abundance:

= Equation of state at temperatures
around 1 GeV: determines H(T)

= Topological susceptibility:
W(0) = [ dala@)aO)n
determines m% (T) = x(T)/f3

ylfm )

1
<~ " __—
S 09} . i
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[Borsanyi et al., Nature 16 [1606.0794]]
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Post-inflationary PQ Symmetry Breaking Scenario

> If Peccei-Quinn symmetry
breaking occurs after inflation

Post-inflationary PQ symmetry breaking scenario

= Present universe consists of many e = end of infiation
causally disconnected patches with e | R e SO R SR SR
T . . symmetry
random initial values of axion field

restoration

PQ symmetry

= Naive average over patches, igno- TP kg

ring inhomogeneities at boundaries

1.165
29.7 ueV QCD phase
Q\Ar h2 = 0 12 —,LL __________ t_rgr]s_it_iqr]
ma /) /o s Kk b
after QCD
phase transition
------------------------ 03

[Saikawal]
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Post-inflationary PQ Symmetry Breaking Scenario

> If Peccei-Quinn symmetry
breaking occurs after inflation

= Present universe consists of many

causally disconnected patches with O
random initial values of axion field ﬂ
= Naive average over patches, igno- ﬂ

ring inhomogeneities at boundaries @

29.7 ,ueV)l'165 /

mAa

QY h? =0.12 (

= Non-negligible inhomogeneities: [Uhimann et al. *10]
cosmic strings

[ctc.cam.ac.uk]
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Post-inflationary PQ Symmetry Breaking Scenario

If Peccei-Quinn symmetry
breaking occurs after inflation

= Present universe consists of many
causally disconnected patches with
random initial values of axion field

= Naive average over patches, igno-
ring inhomogeneities at boundaries

29.7 ,ueV) 1165

mAa

QW h? =0.12 <

= Non-negligible inhomogeneities:
cosmic strings

[Hiramatsu et al. ]
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Post-inflationary PQ Symmetry Breaking Scenario

> If Peccei-Quinn symmetry
breaking occurs after inflation
= Present universe consists of many

causally disconnected patches with
random initial values of axion field

= Naive average over patches, igno-
ring inhomogeneities at boundaries

29.7 ,ueV) 1165

ma

QY h? =0.12 (

= Non-negligible inhomogeneities:
cosmic strings and domain walls V(a) V(a)

= Around QCD phase transition,
axion potential develops,

A
V(A,T)=x(T) [1 — cos (N—)] ) 7 ) 3
,UPQ VPO vpQ VpQ VpQ

[Saikawal]
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Post-inflationary PQ Symmetry Breaking Scenario

> If Peccei-Quinn symmetry
breaking occurs after inflation

= Present universe consists of many
causally disconnected patches with
random initial values of axion field

= Naive average over patches, igno-
ring inhomogeneities at boundaries

29.7 ,ueV) 1165

QY h? =0.12

y (2

= Non-negligible inhomogeneities:
cosmic strings and domain walls

= Around QCD phase transition,
axion potential develops,

V(A T) = X(T) |1~ cos (N%Q)]

N domain walls end at string

V(a)

—7ZIVpQ vpQ
[Saikawal]

string a _4r



Post-inflationary PQ Symmetry Breaking Scenario

If Peccei-Quinn symmetry
breaking occurs after inflation
= Present universe consists of many

causally disconnected patches with N=1
random initial values of axion field

= Naive average over patches, igno-
ring inhomogeneities at boundaries

29.7 ,ueV) 1165

ma

QW h? =0.12 (

= Non-negligible inhomogeneities:
cosmic strings and domain walls

= Around QCD phase transition,
axion potential develops,

A
V(A,T)=x(T) [1 — cos (N—)]
UPQ
N domain walls end at string

= N = 1: String-wall system decays

[Hiramatsu et al. ]
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Post-inflationary PQ Symmetry Breaking Scenario

If Peccei-Quinn symmetry
breaking occurs after inflation
= Present universe consists of many

causally disconnected patches with N=1
random initial values of axion field

= Naive average over patches, igno-
ring inhomogeneities at boundaries

29.7 ,ueV) 1165

ma

QW h? =0.12 <

= Non-negligible inhomogeneities:
cosmic strings and domain walls

= Around QCD phase transition,
axion potential develops,

A
V(A,T)=x(T) [1 — cos (N—)]
UPQ
N domain walls end at string

= N = 1: String-wall system decays

= N > 1: Domain wall problem [Hiramatsu et al. ]
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Dark-Matter Axion Mass in Post-inflationary PQ SB Scen.

> In N = 1 post-inflationary PQ breaking scenario:

> Exploiting results from field theoretic lattice simulations, updated to latest
determination of topological susceptibility, and artificially separating
Qtot _ Xlr 4+ ering-Fwal]

find

Kawasaki,Saikawa,Segikuchi 15;
Borsanyi et al. 16;
1010 GeV

1.165 [Hiramatsu et al. 11,12,13;
fa )
Ballesteros et al. 16]

Qatorh® = 16750 x 1072 x (

CDM explained for
m4 ~ (50-200) peV

> Large uncertainty to account for errors due to extrapolation of string ten-
sion Ty, = mf5k, with & = In(\/2\, fa/H), from the values affordable
in the simulations, x < 7, to physical values, « € [48,67]

> New simulation method allows to simulate at physical string tension
[Klaer,Moore "17]
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Dark-Matter Axion Mass in Post-inflationary PQ SB Scen.

> For k> 1, string’s interactions with the L= Lxe+ Las + Lxcr

long range PQ field (< f%) become o o
less important relative to string Lne = fA/d \/y (@)1 = 9%(0)),

evolution under tension (x f3x) Los = f3 / d’x 9,00"0,
> For x> 1, string behavior should Cir = / B A i
approach that of infinitely thin, i.e. local

. X H,o = fAe Vaﬁaﬂe =0 Al/a + CyChC7
Nambu-Goto strings ~ [KlaerMoore *17] " ' o
jr = _ZWfA/dU (v"y" = v"y™") 6% (x — y(o),
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Dark-Matter Axion Mass in Post-inflationary PQ SB Scen.

> For k> 1, string’s interactions with the L= Lxe+ Las + Lxcr

: 2
long range PQ fleld_ (o< f21) pecome L = Fnf? / " \/y,2 -2,
less important relative to string
evolution under tension (x f3x) Les = fi/d% 0,00"8 ,
> For x> 1, string behavior should Cir = /d3x Apj
approach that of_ infinitely thin, i.e. local Hove = Facuresd0 = 0, Ay + cyclic,
Nambu-Goto strings [Klaer,Moore *17]

g =2nfa [ do (0"~ 0y") 8 - ylo)
> New method: exploit UV extension of
PQ field theory, with additional comp-
lex scalar and additional local U(1)

symmetry,
1 _ 2 . 2
L1, 02, Ap) = 5 B B ’(% _ZQ1AM)901‘ + ’(% _ZQ2AM)902‘
m3 . 2 m3 . 2 Ao
+ @ <2901§01 - ’U%) + ﬁ <2902S02 - v%) + o <2901901 — ’01) (2902902 — v%)
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Dark-Matter Axion Mass in Post-inflationary PQ SB Scen.

> For k> 1, string’s interactions with the L= Lxe+ Las + Lxcr

long range PQ field (< f3) become e o
less important relative to string Lne = fA/d \/y (0)(1 = 9%(0)),

evolution under tension (x f3x) Les = fi/d% 0,00"8 ,
> For x> 1, string behavior should Cir = /d3x Apj
approach that of infinitely thin, i.e. local

Hyvo = fa€uas0’0 = 0, A4 + cyclic,

Nambu-Goto strings [Klaer,Moore *17]
jr = —waA/da (v'y" —o"y™") 6% (2 — y(0))
> New method: exploit UV extension of

PQ field theory, with additional comp-

lex scalar and additional local U(1)

symmetry, reducing in IR to Nambu-

Goto string plus axion

= Local U(1) attaches Abelian-Higgs string
onto every global string, enhancing T,

= Added degrees of freedom massive off string

Andreas Ringwald | Update on the dark-matter axion mass, MADMAX Workshop, DESY, Hamburg, D, 18-19 October 2017 | Page 19



Dark-Matter Axion Mass in Post-inflationary PQ SB Scen.

iti i . Effect of x(T) st
> Exploiting lattice results on topological Bffect of x(T) steepness

susceptibility of [Borsanyietal. *16]; °r :

._.
[}
T
|

ma = 26.2 + 3.4 ueV

[Klaer,Moore "17]

Efficiency nax/nmisangn
o
bt -
T T T |
| 1

> Axion production efficiency smaller - - =
A : n L (9;,9.)=4.3 mt.=
than angle-average of ““realignment e 80
mechanism oL L
0 2 4 [{] 8
1.165 x—steepness n (xyxT™)
erhQ _ O 12 (297 /LGV) Axion Production vs String Tension
A — V. _"'I"'I""'I':"I"'_
ma . I RNCHERE i % ]
= Simple sum gﬁ °"’5;‘ | ;F | (5.4)
Qfégt — \Ar 4 Qi’lcring—i-wall ; 0'6:_ o) _
double counts § _ }
E 086 - (3.2) mt,= ma=1.
= Energy in domain walls is the energy of field * [ { k,:;f;’f mtmnl:%o _
misalignment, from values g ., sl @y o, 10867box [LTSIR

0 20 40 60 80 100

[Klaer,Moore "17] r« (string tension)
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Dark-Matter Axion Mass in Post-inflationary PQ SB Scen.

> Current experimental bounds:

1070 ¢
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N »
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Dark-Matter Axion Mass in Post-inflationary PQ SB Scen.

> Current experimental bounds vs. prediction:

10-10 - T

107" ORGAN A
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Dark-Matter Axion Mass in Post-inflationary PQ SB Scen.

> Projected experimental sensitivities:

v, (GHz]|
1 10 102
3 | | | i | 1 | | I T TT1 I | 1 I I T T 11 I
10 E_leI | 075| TR |1| T |?75||||2||||1215|| T :|3:3'|‘I 3'|14 _E
102 &= —
— 5‘) Dielectric =
o - £ Haloscope —
T = —— — . —
= — ) 80 disks =
S — O ( ) =
1 I —
:|1|1| T Y | O T | | l:
10—1 b— 1012 1011 1019
= Jfa [GeV] =
:l || I | | | 1 111 I 1 1 1 L1 111 I | 1 | 1 I:I]
106 103 104
[Caldwell et al. *16 ] mea [eV]

W ~
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Dark-Matter Axion Mass in Post-inflationary PQ SB Scen.

> Projected experimental sensitivities vs. prediction:

v, (GHz]|
1 10 102

103

1
E_lell 075! T |||||:|3:3'|‘I 3'|14 _E
102 &= . . =
— Dielectric =
— Haloscope -
—= 10 : __
S - (80 disks) =
1 = N -
- I T O 1 l:
1071 & 1012 1011 1019
= a [Gre =
:IIII | | IlIlllI | | llIllII | | lII:|]

10—° 10> 104

[Caldwell et al. *16] M, [eV]

W ~
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Discussion and Conclusions

> Most realistic simulations, as far as string tension is concerned, find
significantly lower dark-matter axion mass in V = 1 post-inflationary PQ
SSB scenario than previously estimated:

ma = 26.2 + 3.4 ueV

> Need independent confirmation:

= Small distances resolved in effective way

= |s there complete decoupling between short distances and long distances?
> If confirmed: Mass in reach of conventional microwave cavity technique

= However, this assumes axion 100 % of dark matter!

= Dark-matter axion mass will move to higher values if axion sub-dominant dark matter
orif N > 1
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Back-Up: Topological Susceptibility

> Topological susceptibility notoriously difficult to calculate on lattice

1. Large cutoff effects when exploiting action with non-chiral quarks to calculate topo-
logical observables

2. Tiny topological susceptibility needs extremely long simulation threads to observe
enough changes of topological sectors

> Solutions of these problems: [Borsanyi et al. *16]

1. Eigenvalue reweighting technique: Substitute topology related eigenvalues of non-
chiral quark Dirac operator with its corresponding eigenvalues in continuum

2. Fixed sector integral technique: Measure logarithmic differential of topological sus-
ceptibility which is related to quantities to be measured in fixed topological sectors.

Then integrate.
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Back-Up: Topological Susceptibility

> Comparison of lattice spacing dependence of topological susceptibility
determined via different methods:

0.4 , . . . - ‘ - 10™ , - ; - - . -
ng=2+1+1 T = 150 MeV ng=2+1+1 T =300MeV ,
5 ? : =
0.3 | staggered i s  ,2|staggered . 7 |
| A -e----- ®--------- ®
= :
— ] — ‘ 9 : standard —&—
N} | standard —=&— 5 3 : .
E 027 i rato —@— {1 £ 10°%} , | f_at'rﬁ —— |
= 1 reweight —a— = : : reweight —A—
| integral —w»—
. N
0.1 z 1 1077 [ | : -~
m 3 . T : * s th
. 4 a N a N o5 o
0O 02 04 06 08 1 12 14 1.6 0 02 04 06 08 1 12 14 16
(10/N,)2 (10/Np?

[Borsanyi et al. "16]

> At high temperatures, brute force (,standard”) method and ratio method
suffer from strong cutoff effects
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wlfm™

Back-Up: Topological Susceptibility

> Result: [Borsanyi et al. "106]
ol T T S T |
10" ® @EDD : ; :
) : : :
? | Ng 3+1
02l W
| | | | =
: : ‘ o
3 : ; ° 3
TR e JINONG ] R
: : : (@) ;
j ‘ | o 5
3 ! f © }
0 r o R
g8 | stndard—e— || NN N | ; ‘ |
r(iar:\tlgé%ta]l} '_e_'I:I cont N=4 —8— Ni=8 —a—
0 DIGA == | : 4 DIGA 1 N=6 —6— Ni=10 ——
10_ 1 i i
100 200 500 1000 2000 300 600 1200 2400

T[MeV] TMeV]

> Temperature slope close to dilute instanton gas approximation (DIGA)

> DIGA underestimates topological susceptibility by overall normalization
,K factor” of order ten (should be improved in two-loop DIGA)
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Back-Up: Topological Susceptibility
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[Borsanyi "16] [Ballesteros,Redondo, AR, Tamarit "16]
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