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The strong CP problem
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The Peccei-Quinn (PQ) symmetry 

<latexit sha1_base64="9ji8gX0y0GYOlh6kneRapdT/YOM="></latexit>

A new U(1) global symmetry that is anomalous with QCD.
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A PQ transformation allows to reabsorb ø✓, solving the strong CP problem
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Non-perturbative QCD dynamics generates a potential for the axion
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The axion relaxes to its CP preserving minimum (ø✓ = 0) Vafa, Witten ‘84 
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PQ is spontaneously broken at a scale fa which implies a pseudo-Goldstone boson:
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Di Vecchia, Veneziano ’80 
also Grilli di Cortona et al  2016

3.1 Main properties of the QCD axion 67

This relation between the axion mass and scale is a robust prediction of QCD axion models
in which the PQ symmetry is only broken by the QCD instantons, as commonly required to
successfully implement the PQ solution to the strong CP problem.

Strikingly, the physical axion mass is not proportional to the parameter encoding the PQ
breaking due to instantons K, but to the product of quark masses. The reason becomes clear in
the chiral limit mu,d ! 0. The QCD anomaly is coupled to both the original axion â and the ⌘0,
but actually it only generates a mass to a combination of them 2 ⌘0

f⇡
+ â

fa
that is identified with

the physical ⌘0. The orthogonal combination corresponds to the physical axion and remains
massless in the chiral limit. Once quark masses are taken into account the axion develops a
mass proportional to them due to its mixing with the ⌘0-meson and the pion. The axion mass
eigenstate corresponds to

a ' â + ✓a⇡ ⇡3 + ✓a⌘! ⌘0 , (3.1.13)

where the mixing angles read

✓a⇡ ' � f⇡

2fa

md � mu

mu + md

, ✓a⌘! ' � f⇡

2fa

. (3.1.14)

In other words, as was shown in Refs. [190–192], the physical axion is not actually the pGB of
the original PQ symmetry but of a modified version of it, the divergenceless PQ,

jµ

PQ! = jµ

PQ � 1

2

1

mu + md

!
mdu�µ�5u + mud�µ�5d

"
, (3.1.15)

which is not anomalous under QCD but only broken by the quark mass terms and gives the
same physical axion couplings as the diagonalization of Eq. (3.1.13).

Although the mass of the axion has been derived from the Lagrangian in Eq. (3.1.10) which
does not include direct couplings of the axion to the SM quarks, it can be shown that it holds
in all generality, see Chapter 7 for more details. The axion mass has recently been computed
at Next to Leading Order (NLO) in Ref. [183] together with the axion potential [183,187], that
reads

V (a) = �m2
⇡f2

⇡

#

1 � 4mumd

(mu + md)
2 sin2

$
a

2fa

%
. (3.1.16)

Physical axion couplings to photons

Since the physical low-energy axion eigenstate acquires ⇡3 and ⌘0 components, it inherits their
couplings to photons weighted down by their mixing with the axion. The couplings in Eq. (3.1.9)
get modified for the physical axion resulting in,

ga�� = g0
a�� + ✓a⇡ g⇡�� + ✓a⌘! g⌘!�� , (3.1.17)

where the last two terms are the contributions induced by the model-independent axion-pion
and axion-⌘0 QCD mixings. It is important to note that this expression is valid below QCD
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from ChPT



Axion mass

CHAPTER 3 Axions and axion-like
particles

The QCD axion is a hypothetical pseudoscalar particle (J P = 0 ! ) that was proposed as the low-
energy imprint of the PQ solutions to the strong CP problem [147,156]. In this type of solutions,
there is a global U(1)PQ symmetry that is spontaneously broken, implying the existence of an
associated pseudo-Goldstone boson, the axion. Since theU(1)PQ is not an exact symmetry of
the quantum theory but is explicitly broken by the QCD anomaly instead, the axion is not
massless and develops a non-zero mass. Its main properties are reviewed in Section3.1 and
stem from its pGB nature; namely, axions are naturally lighter than the characteristic scale of
the UV completion generating them, i.e. the PQ breaking scalef a, and they interact feebly with
the rest of the SM Þeld content via derivative couplings and putatively anomalous couplings.1

All the axion couplings are inversely proportional to the axion scale.

Furthermore, although axions were proposed as a possible explanation for the absence of
signiÞcant CP violation in the strong sector, it was later realized that they are excellent Dark
Matter candidates. This will be discussed in Section3.3.

The axion solution is particularly appealing due to its minimality and predictability since it
solves two of the problems of the SM with a theory that only involves a single parameter, the
axion scalef a. For QCD axions, this scale determines the strength of the axion couplings to the
SM Þelds and the axion mass,

m2
a !

f 2
! m2

!

f 2
a

mumd

(mu + md)2 , (3.0.1)

where m! , f ! , mu, md denote the pion mass and coupling constant, and the up and down quark
masses, respectively. Note that the axion would remain massless in the limit of vanishing quark

1Actually anomalous couplings to the SU(2)L ⇥ U(1) field strengths can also be seen as derivative couplings

since F eF = @µK
µ and the boundary term vanishes due to the trivial vacuum. Axions also couple to the QCD

anomalous term but this does not correspond to a derivative coupling due to the ✓-vacuum that explicitly breaks
U(1)PQ.
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QCD
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While the uncertainty from z is very small, those from`
r
i (of which `7 provides the largest contribution)

and cri have similar size. Notice that although the relative uncertainties of the cri are large, they only
have a milder impact on the Þnal uncertainty of �2, because numerically�2 receives bigger contributions
from the O(p4) LECs and the non-local contributions. Moreover, the isospin-breaking terms in�2 (the
last two lines in eq. (22)), which are suppressed by powers of! 2 ! 0.1, contribute less than 20% to the
Þnal result and are within the uncertainty of �2. As a consequence, the precision on the LECs is still not
enough for the result to be sensitive to isospin breaking corrections. Finally notice that�2 is numerically
of the same order of the EM corrections in eq. (12), but with opposite sign. Therefore, both have to be
considered for a sub-percent estimate of�top .

4 Final Results and Axion Mass

We can now combine the analysis of secs. 1, 2 and 3 and estimate of the topological susceptibility to
O(p6, e2p2). The Þnal result reads

�top =
z

(1 + z)2 m2
! 0 f 2

! + [1 + �1 + �2 + �e] , (24)

where theO(p4) contribution �1 is given in eq. (2), theO(p6) contribution �2 in eq. (22) and the O(e2p2)
contribution �e in eq. (10). For completeness, in app. A we also report�top expressed in terms of quark
masses and bare chiral Lagrangian parameters.

Substituting our numerical estimates, the Þnal results for the topological susceptibility and the axion
mass read

�
1/4
top = 75.44(34) MeV, ma = 5 .691(51)µeV

1012 GeV
f a

. (25)

Notice how these values almost coincide with the updated NLO ones in eq. (7), since both NNLO and EM
corrections are comparable but smaller than the present uncertainties of the NLO estimate, and, having
opposite sign, they tend to cancel each other. This result conÞrms the reliability of the NLO estimate
in [19]. It is instructive to deconstruct the contributions at each order with the various uncertainties: for
the axion mass case they read

ma =
!
5.815(22)z(04)f!" #$ %

LO

" 0.121(38)"r
i" #$ %

NLO

" 0.022(07)"r
i
(05)cr

i" #$ %
NNLO

+0 .019(06)kr
i" #$ %

EM

&
µeV

1012 GeV
f a

, (26)

where the reported uncertainties on each contributions come from those ofz, from the EM corrections
in the extraction of f ! + , and from those of the various LECs in the NLO (̀ r

i and hr
i ), in the NNLO ( cri )

and in the EM ( kr
i ) chiral Lagrangians.

Several comments are in order. First notice how, while NLO corrections are almost two orders of
magnitude smaller than the LO result, NNLO are barely one order of magnitude below the NLO ones.
On one side this means that the chiral expansion is nicely converging and, given the current uncertainties
on z and the LECs, the NLO result is enough. On the other side, the size of the NNLO corrections is
such that they cannot be ignored in future improvements ofma.

EM corrections are of similar size, slightly less than 0.5% and within present uncertainties. The
numerical estimate of the EM corrections has been carried out using the lattice QCD results forf ! +

9
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Supermassive BH region at LMC
Credit: ROSAT/MPE/NASA SN 1987A. Credit: ESO
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Axion coupling to photons

The function E [q] can be written in terms of elliptic functions but the integral form is more
compact. Note that changing the quark masses over the whole possible range, q 2 [0, 1], only
varies E [q] between E [0] = 1 (cosine-like potential limit) and E [1] = 4�2

p
2 ' 1.17 (for degenerate

quarks). For physical quark masses E [qphys] ' 1.12, only 12% o↵ the cosine potential prediction,
and � ' 9maf

2

a .

In a non vanishing axion field background, such as inside the domain wall or to a much lesser
extent in the axion dark matter halo, QCD properties are di↵erent than in the vacuum. This can
easily be seen expanding eq. (8) at the quadratic order in the pion field. For hai = ✓fa 6= 0 the
pion mass becomes

m
2

⇡(✓) = m
2

⇡

s

1�
4mumd

(mu +md)2
sin2

✓
✓

2

◆
, (16)

and for ✓ = ⇡ the pion mass is reduced by a factor
p

(md +mu)/(md �mu) '
p
3. Even more

drastic e↵ects are expected to occur in nuclear physics (see e.g. [34]).

The axion coupling to photons can also be reliably extracted from the chiral Lagrangian.
Indeed at leading order it can simply be read out of eqs. (4), (5) and (14)1:

ga�� =
↵em

2⇡fa


E

N
�

2

3

4md +mu

md +mu

�
, (17)

where the first term is the model dependent contribution proportional to the EM anomaly of the
PQ symmetry, while the second is the model independent one coming from the minimal coupling
to QCD at the non-perturbative level.

The other axion couplings to matter are either more model dependent (as the derivative cou-
plings) or theoretically more challenging to study (as the coupling to EDM operators), or both.
In section 2.4, we present a new strategy to extract the axion couplings to nucleons using ex-
perimental data and lattice QCD simulations. Unlike previous studies our analysis is based only
on first principle QCD computations. While the precision is not as good as for the coupling to
photons, the uncertainties are already below 10% and may improve as more lattice simulations
are performed.

Results with the 3-flavor chiral Lagrangian are often found in the literature. In the 2-flavor
Lagrangian the extra contributions from the strange quark are contained inside the low-energy
couplings. Within the 2-flavor e↵ective theory the di↵erence between using 2 or 3 flavor formulae,
is a higher order e↵ect. Indeed the di↵erence is O(mu/ms) which corresponds to the expansion
parameter of the 2-flavor Lagrangian. As we will see in the next section these e↵ects can only be
consistently considered after including the full NLO correction.

At this point the natural question is, how good are the estimates obtained so far using lead-
ing order chiral Lagrangians? In the 3-flavor chiral Lagrangian NLO corrections are typically
around 20-30%. The 2-flavor theory enjoys a much better perturbative expansion given the larger
hierarchy between pions and the other mass thresholds. To get a quantitative answer the only

1
The result can also be obtained using a di↵erent choice of Qa, but in this case the non-vanishing a-⇡0

mixing

would require the inclusion of an extra contribution from the ⇡0�� coupling.

7

instanton gas approximation, which is expected to hold at large enough temperatures. We point
out however that the bad convergence of the perturbative QCD expansion at finite temperatures
makes the standard instanton result completely unreliable for temperatures below 106 GeV, ex-
plaining the large discrepancy observed in recent lattice QCD simulations [30, 31]. We conclude
with a study of the impact of such uncertainty in the computation of the axion relic abundance,
providing updated plots for the allowed axion parameter space.

For convenience we report the main numerical results of the paper here, for the mass

ma = 5.70(6)(4)µeV

✓
1012GeV

fa

◆
,

the coupling to photons

ga�� =
! em

2" fa


E

N
! 1.92(4)

�
,

the couplings to nucleons (for the hadronic KSVZ model for definiteness)

c
KSVZ

p = ! 0.47(3) , c
KSVZ

n = ! 0.02(3) ,

and for the self quartic coupling and the tension of the domain wall respectively

#a = ! 0.346(22) ·
m

2

a

f 2
a

, $a = 8.97(5)maf
2

a ,

where for the axion mass the first error is from the uncertainties of quark masses while the second
is from higher order corrections. As a by-product we also provide a high precision estimate of the
topological susceptibility and the quartic moment

%1/4
top = 75.5(5) MeV , b2 = ! 0.029(2) .

More complete results, explicit analytic formulae and details about conventions can be found
in the text. The impact on the axion abundance computation from di! erent finite temperature
behaviors of the axion mass is shown in figs. 5 and 6.

The rest of the paper is organized as follows. In section 2 we first briefly review known leading
order results for the axion properties and then present our new computations and numerical
estimates for the various properties at zero temperature. In section 3 we give results for the
temperature dependence of the axion mass and potential at increasing temperatures and the
implications for the axion dark matter abundance. We summarize our conclusions in section 4.
Finally, we provide the details about the input parameters used and report extra formulae in the
appendices.

2 The cool axion: T = 0 properties

At energies below the Peccei Quinn (PQ) and the electroweak (EW) breaking scales the axion
dependent part of the Lagrangian, at leading order in 1/fa and the weak couplings can be written,

3
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Figure 1: Review of current constraints in the overall (ga! , ma) plane. We introduce the color criteria
for the rest of plots of this review: black/gray for purely laboratory results, bluish colors for helioscope
experiments or bounds depending on stellar physics, and greenish for haloscopes or cosmology-dependent
arguments. Yellow/orange are reserved for hinted regions of the parameter space, like, in this case, the
QCD axion band. In this plot we present only current bounds, for future prospects we refer to following
plots later on. We refer to the text for explanation of each region. Adapted and updated from [191].

interesting regions of parameter space where some of these hints could be due to the same and only
particle. For the sake of generality we will refer to ALPs in this section. When we talk about the axion
we will mean the QCD axion solving the strong CP problem. An comprehensive review on axion and
ALP cosmology to largely complement our discussion can be found in [190].

3.1 Axions and ALPs in cosmology

Axions and ALPs appear in non-renormalisable theories below a certain energy scale, associated with
f a. Above such a scale the axion is typically not an adequate degree of freedom to describe physics,
and in particular the vacuum of a theory. For this reason, it is expected that the axion ÒappearsÓ after
a phase transition in the early Universe at very high energies/temperatures! f a. This phase transition
is controlled by an order parameter, typically the VEV of some other Þeld, e.g. the VEV ofS in KSVZ.
When this order parameter takes the low temperature value, the PQ symmetry becomes spontaneously
broken and a ÒßatÓ direction appears in the potential, the QCD axion. The same scheme applies for

19
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Figure 25: Overall panorama plot in the (ga�,ma) plane. As usual laboratory, helioscope and haloscope
areas are colored in black, blue and green respectively. Some prospect regions shown in previous plots
are here collected in semi-transparent colors.

8 Discussion

Fig. 25 is an attempt to concisely summarise most of the results and prospects detailed in previous
pages. As such it is partial as it shows only the (ga�,ma) parameter space and, as shown before, there
are now a number of experiments active in other detection channels (see Table 3). Nevertheless, the
ga� channel still gathers most of the experimental activity and probably remains the most promising
channel for a discovery, although other channels will be crucial to identify a future putative signal as a
QCD axion (or other type of ALP). Fig. 25 includes all prospect regions in the (ga�,ma) plane that have
been shown in previous plots without individual labels. Although many of those are still somewhat
far in the future and depend on successful completion of previous R&D, it gives a nice account of the
potential of the field to collectively explore a large fraction of the allowed parameter space for axions
(and ALPs) in the future.

Despite some (healthy) overlap between experiments, it is to be stressed the high degree of comple-
mentarity in the experimental landscape. Current and future DM axion searches will presumably cover
the ma ranges cosmologically favoured by pre-inflation and the post-inflation NDW = 1 models, under
the assumption that DM is mostly comprised of axions, while helioscopes will be active in the higher

85
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<latexit sha1_base64="/MzN+cyCX83uA84kKI4bC6ga4Sw=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4Ct1RstyCXjwmYBZIhtDTqUna9Cx09wgh5Au8eFDEq5/kzb+xJ4mgog8KHu9VUVXPi6XQhpAPJ7O2vrG5ld3O7ezu7R/kD4/aOkoUhxaPZKS6HtMgRQgtI4yEbqyABZ6Ejje5Tv3OPSgtovDWTGNwAzYKhS84M1ZqskG+QIqEEEopTgmtlIkltVq1RKuYppZFAa3QGOTf+8OIJwGEhkumdY+S2LgzpozgEua5fqIhZnzCRtCzNGQBaHe2OHSOz6wyxH6kbIUGL9TvEzMWaD0NPNsZMDPWv71U/MvrJcavujMRxomBkC8X+YnEJsLp13goFHAjp5YwroS9FfMxU4wbm03OhvD1Kf6ftEtFWi5eNC8L9atVHFl0gk7ROaKoguroBjVQC3EE6AE9oWfnznl0XpzXZWvGWc0cox9w3j4BEv6NIw==</latexit>a

<latexit sha1_base64="pQ9bgqfpB/okY4Gd1YH0rB22c3Y=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbVqEeCF4+QyCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3cxvPaHSPJYPZpygH9GB5CFn1FipXu0VS27ZnYOsEi8jJchQ6xW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3RKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhPe+hMuk9SgZItFYSqIicnsa9LnCpkRY0soU9zeStiQKsqMzaZgQ/CWX14lzYuyd12+rF+VKtUsjjycwCmcgwc3UIF7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AJb9jM4=</latexit>

B

<latexit sha1_base64="nk4lpi8RSDJX/gIDJIVTPIBxw1I=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOa3QEWAvfKFb/qz4CWSZCTCuSo98pf3b4iqaDSEo6N6QR+YsMMa8sIp5NSNzU0wWSEB7TjqMSCmjCbXTtBJ07po1hpV9Kimfp7IsPCmLGIXKfAdmgWvan4n9dJbXwdZkwmqaWSzBfFKUdWoenrqM80JZaPHcFEM3crIkOsMbEuoJILIVh8eZk0z6rBZfX8/qJSu8njKMIRHMMpBHAFNbiDOjSAwCM8wyu8ecp78d69j3lrwctnDuEPvM8fiYePHQ==</latexit>�

Haloscopes

ADMX

<latexit sha1_base64="BGcuKDjuwgkvOai/6unnZJB+C60="></latexit>

If axions constitute all the DM
their number density is:

<latexit sha1_base64="jF8ctg+mOqxNFjjOaOome7IiAgA="></latexit>

⇠ 1014
✓
µeV

ma

◆
cm�3

Credit: Rakshya Khatiwada, UW



<latexit sha1_base64="WTFg5K9E5pGbGJb1CiZF9e6P1gY=">AAACEHicbZDLSgMxFIYzXmu9jbp0EyyiIJQZK+pGKLrpsoK9QGcoZzKZNjRzIckIZegjuPFV3LhQxK1Ld76NaTuCtv4Q+PjPOUnO7yWcSWVZX8bC4tLyymphrbi+sbm1be7sNmWcCkIbJOaxaHsgKWcRbSimOG0ngkLocdryBjfjeuueCsni6E4NE+qG0ItYwAgobXXNI8f3Y4UBn+BKDTs/7AQCSOY3R5kPI3yFra5ZssrWRHge7BxKKFe9a37qy0ga0kgRDlJ2bCtRbgZCMcLpqOikkiZABtCjHY0RhFS62WShET7Ujo+DWOgTKTxxf09kEEo5DD3dGYLqy9na2Pyv1klVcOlmLEpSRSMyfShIOVYxHqeDfSYoUXyoAYhg+q+Y9EFnoXSGRR2CPbvyPDRPy/Z5uXJ7Vqpe53EU0D46QMfIRheoimqojhqIoAf0hF7Qq/FoPBtvxvu0dcHIZ/bQHxkf34zPmmo=</latexit>

ä+ 3Hȧ+
dV

da
= 0

<latexit sha1_base64="wzW1glnBnpTyhRHKT34OVnPWo/M=">AAACFHicbVDLSgMxFM34rPVVdekmWAShUGZaUTdC0U03QgX7gM50yKRpG5p5kNwRy9CPcOOvuHGhiFsX7vwb02kX2nog5HDOuST3eJHgCkzz21haXlldW89sZDe3tnd2c3v7DRXGkrI6DUUoWx5RTPCA1YGDYK1IMuJ7gjW94fXEb94zqXgY3MEoYo5P+gHvcUpAS26uUMY3bq1TwtVO6dKWg9AlhfRKbGAPkEjS5Wl0PMZuLm8WzRR4kVgzkkcz1Nzcl90NaeyzAKggSrUtMwInIRI4FWyctWPFIkKHpM/amgbEZ8pJ0qXG+FgrXdwLpT4B4FT9PZEQX6mR7+mkT2Cg5r2J+J/XjqF34SQ8iGJgAZ0+1IsFhhBPGsJdLhkFMdKEUMn1XzEdEEko6B6zugRrfuVF0igVrbNi+fY0X7ma1ZFBh+gInSALnaMKqqIaqiOKHtEzekVvxpPxYrwbH9PokjGbOUB/YHz+AIpInfU=</latexit>

3M 2
P H 2 = ! a + ! radiation

<latexit sha1_base64="Gx+wceexY398WpzxHOpTFBOmc2A=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKe6qqBch6CXHGMwDkiXMTmaTIbMPZnqFsOQ3vHhQxKs/482/cZLsQRMLBoqqLrqnvFgKjbb9beVWVtfWN/Kbha3tnd294v5BU0eJYrzBIhmptkc1lyLkDRQoeTtWnAae5C1vdD/1W09caRGFjziOuRvQQSh8wSgaqVslt6Tbj5DUz+q9Ysku2zOQZeJkpAQZar3il4myJOAhMkm17jh2jG5KFQom+aTQTTSPKRvRAe8YGtKAazed3TwhJ0bpEz9S5oVIZurvREoDrceBZyYDikO96E3F/7xOgv6Nm4owTpCHbL7ITyTBiEwLIH2hOEM5NoQyJcythA2pogxNTQVTgrP45WXSPC87V+WLh8tS5S6rIw9HcAyn4MA1VKAKNWgAgxie4RXerMR6sd6tj/lozsoyh/AH1ucP8PyQVQ==</latexit>

H = úR/R

Axion (cold) dark matter



Turner ‘83

<latexit sha1_base64="WTFg5K9E5pGbGJb1CiZF9e6P1gY=">AAACEHicbZDLSgMxFIYzXmu9jbp0EyyiIJQZK+pGKLrpsoK9QGcoZzKZNjRzIckIZegjuPFV3LhQxK1Ld76NaTuCtv4Q+PjPOUnO7yWcSWVZX8bC4tLyymphrbi+sbm1be7sNmWcCkIbJOaxaHsgKWcRbSimOG0ngkLocdryBjfjeuueCsni6E4NE+qG0ItYwAgobXXNI8f3Y4UBn+BKDTs/7AQCSOY3R5kPI3yFra5ZssrWRHge7BxKKFe9a37qy0ga0kgRDlJ2bCtRbgZCMcLpqOikkiZABtCjHY0RhFS62WShET7Ujo+DWOgTKTxxf09kEEo5DD3dGYLqy9na2Pyv1klVcOlmLEpSRSMyfShIOVYxHqeDfSYoUXyoAYhg+q+Y9EFnoXSGRR2CPbvyPDRPy/Z5uXJ7Vqpe53EU0D46QMfIRheoimqojhqIoAf0hF7Qq/FoPBtvxvu0dcHIZ/bQHxkf34zPmmo=</latexit>

ä+ 3Hȧ+
dV

da
= 0

<latexit sha1_base64="wzW1glnBnpTyhRHKT34OVnPWo/M=">AAACFHicbVDLSgMxFM34rPVVdekmWAShUGZaUTdC0U03QgX7gM50yKRpG5p5kNwRy9CPcOOvuHGhiFsX7vwb02kX2nog5HDOuST3eJHgCkzz21haXlldW89sZDe3tnd2c3v7DRXGkrI6DUUoWx5RTPCA1YGDYK1IMuJ7gjW94fXEb94zqXgY3MEoYo5P+gHvcUpAS26uUMY3bq1TwtVO6dKWg9AlhfRKbGAPkEjS5Wl0PMZuLm8WzRR4kVgzkkcz1Nzcl90NaeyzAKggSrUtMwInIRI4FWyctWPFIkKHpM/amgbEZ8pJ0qXG+FgrXdwLpT4B4FT9PZEQX6mR7+mkT2Cg5r2J+J/XjqF34SQ8iGJgAZ0+1IsFhhBPGsJdLhkFMdKEUMn1XzEdEEko6B6zugRrfuVF0igVrbNi+fY0X7ma1ZFBh+gInSALnaMKqqIaqiOKHtEzekVvxpPxYrwbH9PokjGbOUB/YHz+AIpInfU=</latexit>

3M 2
P H 2 = ! a + ! radiation

<latexit sha1_base64="uquuiDnGq4OMaEOPdMFucD8XSBE=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKmJNqlSXRTcuq9gHNDFMppN26GQSZiZCCXXjr7hxoYhb/8Kdf+O0zUKtBy4czrmXe+/xY0alsqwvIzc3v7C4lF8urKyurW+Ym1tNGSUCkwaOWCTaPpKEUU4aiipG2rEgKPQZafmDy7HfuidC0ojfqmFM3BD1OA0oRkpLnrnjiH7kIUfSEN7cpUdVflzih5WDkWcWrbI1AZwldkaKIEPdMz+dboSTkHCFGZKyY1uxclMkFMWMjApOIkmM8AD1SEdTjkIi3XTywQjua6ULg0jo4gpO1J8TKQqlHIa+7gyR6su/3lj8z+skKjh3U8rjRBGOp4uChEEVwXEcsEsFwYoNNUFYUH0rxH0kEFY6tIIOwf778ixpVsp2tXxyfVqsXWRx5MEu2AMlYIMzUANXoA4aAIMH8ARewKvxaDwbb8b7tDVnZDPb4BeMj29nqpWR</latexit>

⇢a ⇠ R�6n/(n+2)

<latexit sha1_base64="Gx+wceexY398WpzxHOpTFBOmc2A=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKe6qqBch6CXHGMwDkiXMTmaTIbMPZnqFsOQ3vHhQxKs/482/cZLsQRMLBoqqLrqnvFgKjbb9beVWVtfWN/Kbha3tnd294v5BU0eJYrzBIhmptkc1lyLkDRQoeTtWnAae5C1vdD/1W09caRGFjziOuRvQQSh8wSgaqVslt6Tbj5DUz+q9Ysku2zOQZeJkpAQZar3il4myJOAhMkm17jh2jG5KFQom+aTQTTSPKRvRAe8YGtKAazed3TwhJ0bpEz9S5oVIZurvREoDrceBZyYDikO96E3F/7xOgv6Nm4owTpCHbL7ITyTBiEwLIH2hOEM5NoQyJcythA2pogxNTQVTgrP45WXSPC87V+WLh8tS5S6rIw9HcAyn4MA1VKAKNWgAgxie4RXerMR6sd6tj/lozsoyh/AH1ucP8PyQVQ==</latexit>

H = úR/R

<latexit sha1_base64="c6FIb90u/jYwGZs9YiXJ7bJtC3E=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9lVUY9FLx4r2A/oriWbpm1oNglJVihL/4YXD4p49c9489+YtnvQ1gcDj/dmmJkXK86M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqaa0AaRXOp2jA3lTNCGZZbTttIUJzGnrXh0O/VbT1QbJsWDHSsaJXggWJ8RbJ0UNkOlpbIS4UfRLVf8qj8DWiZBTiqQo94tf4U9SdKECks4NqYT+MpGGdaWEU4npTA1VGEywgPacVTghJoom908QSdO6aG+1K6ERTP190SGE2PGSew6E2yHZtGbiv95ndT2r6OMCZVaKsh8UT/lyD05DQD1mKbE8rEjmGjmbkVkiDUm1sVUciEEiy8vk+ZZNbisnt9fVGo3eRxFOIJjOIUArqAGd1CHBhBQ8Ayv8Oal3ov37n3MWwtePnMIf+B9/gDqppGd</latexit>

V ! an

<latexit sha1_base64="YjinRzwJtqoGINMHAxNgNstmoms=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4sgqCWpoi6LblxWsA9oQphMJ+3QyUycmQglZO/GX3HjQhG3/oA7/8bpY6HVAxcO59zLvfeECaNKO86XVVhYXFpeKa6W1tY3Nrfs7Z2WEqnEpIkFE7ITIkUY5aSpqWakk0iC4pCRdji8GvvteyIVFfxWjxLix6jPaUQx0kYK7HISIOgpGpM76EUS4Ywf1/KMH9Zy78iTAxGgwK44VWcC+Je4M1IBMzQC+9PrCZzGhGvMkFJd10m0nyGpKWYkL3mpIgnCQ9QnXUM5ionys8kvOdw3Sg9GQpriGk7UnxMZipUaxaHpjJEeqHlvLP7ndVMdXfgZ5UmqCcfTRVHKoBZwHAzsUUmwZiNDEJbU3ArxAJlEtImvZEJw51/+S1q1qntWPbk5rdQvZ3EUwR4ogwPggnNQB9egAZoAgwfwBF7Aq/VoPVtv1vu0tWDNZnbBL1gf3/URml8=</latexit>

pa ' n � 2
n + 2

! a

Axion (cold) dark matter



Turner ‘83

<latexit sha1_base64="WTFg5K9E5pGbGJb1CiZF9e6P1gY=">AAACEHicbZDLSgMxFIYzXmu9jbp0EyyiIJQZK+pGKLrpsoK9QGcoZzKZNjRzIckIZegjuPFV3LhQxK1Ld76NaTuCtv4Q+PjPOUnO7yWcSWVZX8bC4tLyymphrbi+sbm1be7sNmWcCkIbJOaxaHsgKWcRbSimOG0ngkLocdryBjfjeuueCsni6E4NE+qG0ItYwAgobXXNI8f3Y4UBn+BKDTs/7AQCSOY3R5kPI3yFra5ZssrWRHge7BxKKFe9a37qy0ga0kgRDlJ2bCtRbgZCMcLpqOikkiZABtCjHY0RhFS62WShET7Ujo+DWOgTKTxxf09kEEo5DD3dGYLqy9na2Pyv1klVcOlmLEpSRSMyfShIOVYxHqeDfSYoUXyoAYhg+q+Y9EFnoXSGRR2CPbvyPDRPy/Z5uXJ7Vqpe53EU0D46QMfIRheoimqojhqIoAf0hF7Qq/FoPBtvxvu0dcHIZ/bQHxkf34zPmmo=</latexit>

ä+ 3Hȧ+
dV

da
= 0

<latexit sha1_base64="XdSqamEFBSNO348JMWRbBD0qi3Q=">AAACC3icbVDLSgMxFM34rPU16tJNaBEEocy0om6EopsuK9gHtOOQyaRtaJIZkoxQhu7d+CtuXCji1h9w59+YtiNo6yGBwzn33uSeIGZUacf5spaWV1bX1nMb+c2t7Z1de2+/qaJEYtLAEYtkO0CKMCpIQ1PNSDuWBPGAkVYwvJ74rXsiFY3ErR7FxOOoL2iPYqSN5NuFbhhGGiJ4Ais12P3h3Ed3ZXPgJXR8u+iUnCngInEzUgQZ6r79aebghBOhMUNKdVwn1l6KpKaYkXG+mygSIzxEfdIxVCBOlJdOdxnDI6OEsBdJc4WGU/V3R4q4UiMemEqO9EDNexPxP6+T6N6Fl1IRJ5oIPHuolzCoIzgJBoZUEqzZyBCEJTV/hXiAJMLaxJc3IbjzKy+SZrnknpUqN6fF6lUWRw4cggI4Bi44B1VQA3XQABg8gCfwAl6tR+vZerPeZ6VLVtZzAP7A+vgGcu6Xfw==</latexit>

¬a + 3H úa + m2
aa2 = 0

<latexit sha1_base64="jOrHGcQi8UB1Uvj5aUhtvc45EWE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokW9Vjw4rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjrZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxXvunLVqJZr1TyOApzCGVyABzdQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBd3+Mrg==</latexit>

0
<latexit sha1_base64="LtNovhyp8MnhU33l3sDfc2e2Yy0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeCF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieONnQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1buqXt7XKvVaHkcRTuAUzsGDa6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBOI43H</latexit>!

<latexit sha1_base64="CgVI8UF5pc/1L8nJbR2TuzFt6vQ=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeCF48VbC20oUy2m3bpZhN3N4US8ju8eFDEqz/Gm//G7cdBWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqHaBmgkvWNNwI1k4UwygQ7DEY3U79xzFTmsfywUwS5kc4kDzkFI2V/G6okGaYZ2EP81654lbdGcgq8RakAgs0euWvbj+macSkoQK17nhuYvwMleFUsLzUTTVLkI5wwDqWSoyY9rPZ0Tk5s0qfhLGyJQ2Zqb8nMoy0nkSB7YzQDPWyNxX/8zqpCW/8jMskNUzS+aIwFcTEZJoA6XPFqBETS5Aqbm8ldIg2B2NzKtkQvOWXV0nroupdVS/va5V6bRFHEU7gFM7Bg2uowx00oAkUnuAZXuHNGTsvzrvzMW8tOIuZY/gD5/MHRr2SZQ==</latexit> a
f a

<latexit sha1_base64="w0nMb5EkzKGnR8/4D0gqgG36Lvw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokW9Vjw4rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqtPqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedeWqUS3XqnkcBTiFM7gAD26gBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDsReM1A==</latexit>

V

<latexit sha1_base64="5K0GEry5hkmgGOafqqaNupDKL70=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBiyXRoh4LXjxWMG2hDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpf7nSeqNIvlo5kmNBB4JFnECDa5dNFP2KBac+vuHGiVeAWpQYHWoPrVH8YkFVQawrHWPc9NTJBhZRjhdFbpp5ommEzwiPYslVhQHWTzW2fozCpDFMXKljRorv6eyLDQeipC2ymwGetlLxf/83qpiW6DjMkkNVSSxaIo5cjEKH8cDZmixPCpJZgoZm9FZIwVJsbGU7EheMsvr5L2Zd27rl89NGrNRhFHGU7gFM7Bgxtowj20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz+3xo3+</latexit>�⇡

<latexit sha1_base64="wzW1glnBnpTyhRHKT34OVnPWo/M=">AAACFHicbVDLSgMxFM34rPVVdekmWAShUGZaUTdC0U03QgX7gM50yKRpG5p5kNwRy9CPcOOvuHGhiFsX7vwb02kX2nog5HDOuST3eJHgCkzz21haXlldW89sZDe3tnd2c3v7DRXGkrI6DUUoWx5RTPCA1YGDYK1IMuJ7gjW94fXEb94zqXgY3MEoYo5P+gHvcUpAS26uUMY3bq1TwtVO6dKWg9AlhfRKbGAPkEjS5Wl0PMZuLm8WzRR4kVgzkkcz1Nzcl90NaeyzAKggSrUtMwInIRI4FWyctWPFIkKHpM/amgbEZ8pJ0qXG+FgrXdwLpT4B4FT9PZEQX6mR7+mkT2Cg5r2J+J/XjqF34SQ8iGJgAZ0+1IsFhhBPGsJdLhkFMdKEUMn1XzEdEEko6B6zugRrfuVF0igVrbNi+fY0X7ma1ZFBh+gInSALnaMKqqIaqiOKHtEzekVvxpPxYrwbH9PokjGbOUB/YHz+AIpInfU=</latexit>

3M 2
P H 2 = ! a + ! radiation

<latexit sha1_base64="uquuiDnGq4OMaEOPdMFucD8XSBE=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKmJNqlSXRTcuq9gHNDFMppN26GQSZiZCCXXjr7hxoYhb/8Kdf+O0zUKtBy4czrmXe+/xY0alsqwvIzc3v7C4lF8urKyurW+Ym1tNGSUCkwaOWCTaPpKEUU4aiipG2rEgKPQZafmDy7HfuidC0ojfqmFM3BD1OA0oRkpLnrnjiH7kIUfSEN7cpUdVflzih5WDkWcWrbI1AZwldkaKIEPdMz+dboSTkHCFGZKyY1uxclMkFMWMjApOIkmM8AD1SEdTjkIi3XTywQjua6ULg0jo4gpO1J8TKQqlHIa+7gyR6su/3lj8z+skKjh3U8rjRBGOp4uChEEVwXEcsEsFwYoNNUFYUH0rxH0kEFY6tIIOwf778ixpVsp2tXxyfVqsXWRx5MEu2AMlYIMzUANXoA4aAIMH8ARewKvxaDwbb8b7tDVnZDPb4BeMj29nqpWR</latexit>

⇢a ⇠ R�6n/(n+2)

<latexit sha1_base64="Gx+wceexY398WpzxHOpTFBOmc2A=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKe6qqBch6CXHGMwDkiXMTmaTIbMPZnqFsOQ3vHhQxKs/482/cZLsQRMLBoqqLrqnvFgKjbb9beVWVtfWN/Kbha3tnd294v5BU0eJYrzBIhmptkc1lyLkDRQoeTtWnAae5C1vdD/1W09caRGFjziOuRvQQSh8wSgaqVslt6Tbj5DUz+q9Ysku2zOQZeJkpAQZar3il4myJOAhMkm17jh2jG5KFQom+aTQTTSPKRvRAe8YGtKAazed3TwhJ0bpEz9S5oVIZurvREoDrceBZyYDikO96E3F/7xOgv6Nm4owTpCHbL7ITyTBiEwLIH2hOEM5NoQyJcythA2pogxNTQVTgrP45WXSPC87V+WLh8tS5S6rIw9HcAyn4MA1VKAKNWgAgxie4RXerMR6sd6tj/lozsoyh/AH1ucP8PyQVQ==</latexit>

H = úR/R

<latexit sha1_base64="c6FIb90u/jYwGZs9YiXJ7bJtC3E=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9lVUY9FLx4r2A/oriWbpm1oNglJVihL/4YXD4p49c9489+YtnvQ1gcDj/dmmJkXK86M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqaa0AaRXOp2jA3lTNCGZZbTttIUJzGnrXh0O/VbT1QbJsWDHSsaJXggWJ8RbJ0UNkOlpbIS4UfRLVf8qj8DWiZBTiqQo94tf4U9SdKECks4NqYT+MpGGdaWEU4npTA1VGEywgPacVTghJoom908QSdO6aG+1K6ERTP190SGE2PGSew6E2yHZtGbiv95ndT2r6OMCZVaKsh8UT/lyD05DQD1mKbE8rEjmGjmbkVkiDUm1sVUciEEiy8vk+ZZNbisnt9fVGo3eRxFOIJjOIUArqAGd1CHBhBQ8Ayv8Oal3ov37n3MWwtePnMIf+B9/gDqppGd</latexit>

V ! an

<latexit sha1_base64="RQl0KmJQqzBEZPJwippQDml8bYQ=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwY0msqMuiG5dV7AOaWCbTSTt0HmFmItTQL3HjQhG3foo7/8Zpm4W2HrhwOOde7r0nShjVxvO+naXlldW19cJGcXNre6fk7u41tUwVJg0smVTtCGnCqCANQw0j7UQRxCNGWtHweuK3HonSVIp7M0pIyFFf0JhiZKzUdUuBGshAUw7vHrKT6rjrlr2KNwVcJH5OyiBHvet+BT2JU06EwQxp3fG9xIQZUoZiRsbFINUkQXiI+qRjqUCc6DCbHj6GR1bpwVgqW8LAqfp7IkNc6xGPbCdHZqDnvYn4n9dJTXwZZlQkqSECzxbFKYNGwkkKsEcVwYaNLEFYUXsrxAOkEDY2q6INwZ9/eZE0Tyv+eaV6e1auXeVxFMABOATHwAcXoAZuQB00AAYpeAav4M15cl6cd+dj1rrk5DP74A+czx8ZcpK7</latexit>

⇢ ⇠ R�3

<latexit sha1_base64="4/0vdZVwpYNBOakK2zsYOgw7yVo=">AAAB/nicbZBNSwMxEIZn61etX1Xx5CVYBE9lV0W9CEUvHivYD2iXkk2nbWg2uyRZoSwF/4oXD4p49Xd489+YtnvQ1hcCD+/MMJM3iAXXxnW/ndzS8srqWn69sLG5tb1T3N2r6yhRDGssEpFqBlSj4BJrhhuBzVghDQOBjWB4O6k3HlFpHskHM4rRD2lf8h5n1FirUzxoCyr7AklM2mpG18TtFEtu2Z2KLIKXQQkyVTvFr3Y3YkmI0jBBtW55bmz8lCrDmcBxoZ1ojCkb0j62LEoaovbT6fljcmydLulFyj5pyNT9PZHSUOtRGNjOkJqBnq9NzP9qrcT0rvyUyzgxKNlsUS8RxERkkgXpcoXMiJEFyhS3txI2oIoyYxMr2BC8+S8vQv207F2Uz+7PS5WbLI48HMIRnIAHl1CBO6hCDRik8Ayv8OY8OS/Ou/Mxa8052cw+/JHz+QN5nJSG</latexit>

!p" = 0

<latexit sha1_base64="YjinRzwJtqoGINMHAxNgNstmoms=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4sgqCWpoi6LblxWsA9oQphMJ+3QyUycmQglZO/GX3HjQhG3/oA7/8bpY6HVAxcO59zLvfeECaNKO86XVVhYXFpeKa6W1tY3Nrfs7Z2WEqnEpIkFE7ITIkUY5aSpqWakk0iC4pCRdji8GvvteyIVFfxWjxLix6jPaUQx0kYK7HISIOgpGpM76EUS4Ywf1/KMH9Zy78iTAxGgwK44VWcC+Je4M1IBMzQC+9PrCZzGhGvMkFJd10m0nyGpKWYkL3mpIgnCQ9QnXUM5ionys8kvOdw3Sg9GQpriGk7UnxMZipUaxaHpjJEeqHlvLP7ndVMdXfgZ5UmqCcfTRVHKoBZwHAzsUUmwZiNDEJbU3ArxAJlEtImvZEJw51/+S1q1qntWPbk5rdQvZ3EUwR4ogwPggnNQB9egAZoAgwfwBF7Aq/VoPVtv1vu0tWDNZnbBL1gf3/URml8=</latexit>

pa ' n � 2
n + 2

! a

Axion (cold) dark matter



Axion (cold) dark matter

Turner ‘83

<latexit sha1_base64="WTFg5K9E5pGbGJb1CiZF9e6P1gY=">AAACEHicbZDLSgMxFIYzXmu9jbp0EyyiIJQZK+pGKLrpsoK9QGcoZzKZNjRzIckIZegjuPFV3LhQxK1Ld76NaTuCtv4Q+PjPOUnO7yWcSWVZX8bC4tLyymphrbi+sbm1be7sNmWcCkIbJOaxaHsgKWcRbSimOG0ngkLocdryBjfjeuueCsni6E4NE+qG0ItYwAgobXXNI8f3Y4UBn+BKDTs/7AQCSOY3R5kPI3yFra5ZssrWRHge7BxKKFe9a37qy0ga0kgRDlJ2bCtRbgZCMcLpqOikkiZABtCjHY0RhFS62WShET7Ujo+DWOgTKTxxf09kEEo5DD3dGYLqy9na2Pyv1klVcOlmLEpSRSMyfShIOVYxHqeDfSYoUXyoAYhg+q+Y9EFnoXSGRR2CPbvyPDRPy/Z5uXJ7Vqpe53EU0D46QMfIRheoimqojhqIoAf0hF7Qq/FoPBtvxvu0dcHIZ/bQHxkf34zPmmo=</latexit>

ä+ 3Hȧ+
dV

da
= 0

<latexit sha1_base64="XdSqamEFBSNO348JMWRbBD0qi3Q=">AAACC3icbVDLSgMxFM34rPU16tJNaBEEocy0om6EopsuK9gHtOOQyaRtaJIZkoxQhu7d+CtuXCji1h9w59+YtiNo6yGBwzn33uSeIGZUacf5spaWV1bX1nMb+c2t7Z1de2+/qaJEYtLAEYtkO0CKMCpIQ1PNSDuWBPGAkVYwvJ74rXsiFY3ErR7FxOOoL2iPYqSN5NuFbhhGGiJ4Ais12P3h3Ed3ZXPgJXR8u+iUnCngInEzUgQZ6r79aebghBOhMUNKdVwn1l6KpKaYkXG+mygSIzxEfdIxVCBOlJdOdxnDI6OEsBdJc4WGU/V3R4q4UiMemEqO9EDNexPxP6+T6N6Fl1IRJ5oIPHuolzCoIzgJBoZUEqzZyBCEJTV/hXiAJMLaxJc3IbjzKy+SZrnknpUqN6fF6lUWRw4cggI4Bi44B1VQA3XQABg8gCfwAl6tR+vZerPeZ6VLVtZzAP7A+vgGcu6Xfw==</latexit>

¬a + 3H úa + m2
aa2 = 0

<latexit sha1_base64="jOrHGcQi8UB1Uvj5aUhtvc45EWE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokW9Vjw4rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjrZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxXvunLVqJZr1TyOApzCGVyABzdQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBd3+Mrg==</latexit>

0
<latexit sha1_base64="LtNovhyp8MnhU33l3sDfc2e2Yy0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeCF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieONnQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1buqXt7XKvVaHkcRTuAUzsGDa6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBOI43H</latexit>!

<latexit sha1_base64="CgVI8UF5pc/1L8nJbR2TuzFt6vQ=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeCF48VbC20oUy2m3bpZhN3N4US8ju8eFDEqz/Gm//G7cdBWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqHaBmgkvWNNwI1k4UwygQ7DEY3U79xzFTmsfywUwS5kc4kDzkFI2V/G6okGaYZ2EP81654lbdGcgq8RakAgs0euWvbj+macSkoQK17nhuYvwMleFUsLzUTTVLkI5wwDqWSoyY9rPZ0Tk5s0qfhLGyJQ2Zqb8nMoy0nkSB7YzQDPWyNxX/8zqpCW/8jMskNUzS+aIwFcTEZJoA6XPFqBETS5Aqbm8ldIg2B2NzKtkQvOWXV0nroupdVS/va5V6bRFHEU7gFM7Bg2uowx00oAkUnuAZXuHNGTsvzrvzMW8tOIuZY/gD5/MHRr2SZQ==</latexit> a
f a

<latexit sha1_base64="w0nMb5EkzKGnR8/4D0gqgG36Lvw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokW9Vjw4rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqtPqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedeWqUS3XqnkcBTiFM7gAD26gBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDsReM1A==</latexit>

V

<latexit sha1_base64="5K0GEry5hkmgGOafqqaNupDKL70=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBiyXRoh4LXjxWMG2hDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpf7nSeqNIvlo5kmNBB4JFnECDa5dNFP2KBac+vuHGiVeAWpQYHWoPrVH8YkFVQawrHWPc9NTJBhZRjhdFbpp5ommEzwiPYslVhQHWTzW2fozCpDFMXKljRorv6eyLDQeipC2ymwGetlLxf/83qpiW6DjMkkNVSSxaIo5cjEKH8cDZmixPCpJZgoZm9FZIwVJsbGU7EheMsvr5L2Zd27rl89NGrNRhFHGU7gFM7Bgxtowj20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz+3xo3+</latexit>�⇡

<latexit sha1_base64="wzW1glnBnpTyhRHKT34OVnPWo/M=">AAACFHicbVDLSgMxFM34rPVVdekmWAShUGZaUTdC0U03QgX7gM50yKRpG5p5kNwRy9CPcOOvuHGhiFsX7vwb02kX2nog5HDOuST3eJHgCkzz21haXlldW89sZDe3tnd2c3v7DRXGkrI6DUUoWx5RTPCA1YGDYK1IMuJ7gjW94fXEb94zqXgY3MEoYo5P+gHvcUpAS26uUMY3bq1TwtVO6dKWg9AlhfRKbGAPkEjS5Wl0PMZuLm8WzRR4kVgzkkcz1Nzcl90NaeyzAKggSrUtMwInIRI4FWyctWPFIkKHpM/amgbEZ8pJ0qXG+FgrXdwLpT4B4FT9PZEQX6mR7+mkT2Cg5r2J+J/XjqF34SQ8iGJgAZ0+1IsFhhBPGsJdLhkFMdKEUMn1XzEdEEko6B6zugRrfuVF0igVrbNi+fY0X7ma1ZFBh+gInSALnaMKqqIaqiOKHtEzekVvxpPxYrwbH9PokjGbOUB/YHz+AIpInfU=</latexit>

3M 2
P H 2 = ! a + ! radiation

<latexit sha1_base64="uquuiDnGq4OMaEOPdMFucD8XSBE=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKmJNqlSXRTcuq9gHNDFMppN26GQSZiZCCXXjr7hxoYhb/8Kdf+O0zUKtBy4czrmXe+/xY0alsqwvIzc3v7C4lF8urKyurW+Ym1tNGSUCkwaOWCTaPpKEUU4aiipG2rEgKPQZafmDy7HfuidC0ojfqmFM3BD1OA0oRkpLnrnjiH7kIUfSEN7cpUdVflzih5WDkWcWrbI1AZwldkaKIEPdMz+dboSTkHCFGZKyY1uxclMkFMWMjApOIkmM8AD1SEdTjkIi3XTywQjua6ULg0jo4gpO1J8TKQqlHIa+7gyR6su/3lj8z+skKjh3U8rjRBGOp4uChEEVwXEcsEsFwYoNNUFYUH0rxH0kEFY6tIIOwf778ixpVsp2tXxyfVqsXWRx5MEu2AMlYIMzUANXoA4aAIMH8ARewKvxaDwbb8b7tDVnZDPb4BeMj29nqpWR</latexit>

⇢a ⇠ R�6n/(n+2)

<latexit sha1_base64="Gx+wceexY398WpzxHOpTFBOmc2A=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKe6qqBch6CXHGMwDkiXMTmaTIbMPZnqFsOQ3vHhQxKs/482/cZLsQRMLBoqqLrqnvFgKjbb9beVWVtfWN/Kbha3tnd294v5BU0eJYrzBIhmptkc1lyLkDRQoeTtWnAae5C1vdD/1W09caRGFjziOuRvQQSh8wSgaqVslt6Tbj5DUz+q9Ysku2zOQZeJkpAQZar3il4myJOAhMkm17jh2jG5KFQom+aTQTTSPKRvRAe8YGtKAazed3TwhJ0bpEz9S5oVIZurvREoDrceBZyYDikO96E3F/7xOgv6Nm4owTpCHbL7ITyTBiEwLIH2hOEM5NoQyJcythA2pogxNTQVTgrP45WXSPC87V+WLh8tS5S6rIw9HcAyn4MA1VKAKNWgAgxie4RXerMR6sd6tj/lozsoyh/AH1ucP8PyQVQ==</latexit>

H = úR/R

<latexit sha1_base64="c6FIb90u/jYwGZs9YiXJ7bJtC3E=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9lVUY9FLx4r2A/oriWbpm1oNglJVihL/4YXD4p49c9489+YtnvQ1gcDj/dmmJkXK86M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqaa0AaRXOp2jA3lTNCGZZbTttIUJzGnrXh0O/VbT1QbJsWDHSsaJXggWJ8RbJ0UNkOlpbIS4UfRLVf8qj8DWiZBTiqQo94tf4U9SdKECks4NqYT+MpGGdaWEU4npTA1VGEywgPacVTghJoom908QSdO6aG+1K6ERTP190SGE2PGSew6E2yHZtGbiv95ndT2r6OMCZVaKsh8UT/lyD05DQD1mKbE8rEjmGjmbkVkiDUm1sVUciEEiy8vk+ZZNbisnt9fVGo3eRxFOIJjOIUArqAGd1CHBhBQ8Ayv8Oal3ov37n3MWwtePnMIf+B9/gDqppGd</latexit>

V ! an

<latexit sha1_base64="RQl0KmJQqzBEZPJwippQDml8bYQ=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwY0msqMuiG5dV7AOaWCbTSTt0HmFmItTQL3HjQhG3foo7/8Zpm4W2HrhwOOde7r0nShjVxvO+naXlldW19cJGcXNre6fk7u41tUwVJg0smVTtCGnCqCANQw0j7UQRxCNGWtHweuK3HonSVIp7M0pIyFFf0JhiZKzUdUuBGshAUw7vHrKT6rjrlr2KNwVcJH5OyiBHvet+BT2JU06EwQxp3fG9xIQZUoZiRsbFINUkQXiI+qRjqUCc6DCbHj6GR1bpwVgqW8LAqfp7IkNc6xGPbCdHZqDnvYn4n9dJTXwZZlQkqSECzxbFKYNGwkkKsEcVwYaNLEFYUXsrxAOkEDY2q6INwZ9/eZE0Tyv+eaV6e1auXeVxFMABOATHwAcXoAZuQB00AAYpeAav4M15cl6cd+dj1rrk5DP74A+czx8ZcpK7</latexit>

⇢ ⇠ R�3

<latexit sha1_base64="4/0vdZVwpYNBOakK2zsYOgw7yVo=">AAAB/nicbZBNSwMxEIZn61etX1Xx5CVYBE9lV0W9CEUvHivYD2iXkk2nbWg2uyRZoSwF/4oXD4p49Xd489+YtnvQ1hcCD+/MMJM3iAXXxnW/ndzS8srqWn69sLG5tb1T3N2r6yhRDGssEpFqBlSj4BJrhhuBzVghDQOBjWB4O6k3HlFpHskHM4rRD2lf8h5n1FirUzxoCyr7AklM2mpG18TtFEtu2Z2KLIKXQQkyVTvFr3Y3YkmI0jBBtW55bmz8lCrDmcBxoZ1ojCkb0j62LEoaovbT6fljcmydLulFyj5pyNT9PZHSUOtRGNjOkJqBnq9NzP9qrcT0rvyUyzgxKNlsUS8RxERkkgXpcoXMiJEFyhS3txI2oIoyYxMr2BC8+S8vQv207F2Uz+7PS5WbLI48HMIRnIAHl1CBO6hCDRik8Ayv8OY8OS/Ou/Mxa8052cw+/JHz+QN5nJSG</latexit>

!p" = 0

<latexit sha1_base64="z0f8CnuNfxQOfYWqviLgyA6S5ZY="></latexit>

a light axion (ma ! 0.1 eV) with ! a ! O(1) =" large occupation number

<latexit sha1_base64="YjinRzwJtqoGINMHAxNgNstmoms=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4sgqCWpoi6LblxWsA9oQphMJ+3QyUycmQglZO/GX3HjQhG3/oA7/8bpY6HVAxcO59zLvfeECaNKO86XVVhYXFpeKa6W1tY3Nrfs7Z2WEqnEpIkFE7ITIkUY5aSpqWakk0iC4pCRdji8GvvteyIVFfxWjxLix6jPaUQx0kYK7HISIOgpGpM76EUS4Ywf1/KMH9Zy78iTAxGgwK44VWcC+Je4M1IBMzQC+9PrCZzGhGvMkFJd10m0nyGpKWYkL3mpIgnCQ9QnXUM5ionys8kvOdw3Sg9GQpriGk7UnxMZipUaxaHpjJEeqHlvLP7ndVMdXfgZ5UmqCcfTRVHKoBZwHAzsUUmwZiNDEJbU3ArxAJlEtImvZEJw51/+S1q1qntWPbk5rdQvZ3EUwR4ogwPggnNQB9egAZoAgwfwBF7Aq/VoPVtv1vu0tWDNZnbBL1gf3/URml8=</latexit>

pa ' n � 2
n + 2

! a



Two scenarios for non-thermal axion dark matter production

Pre-inßationary:

Post-inßationary:

<latexit sha1_base64="/c7VNvvbpdOaM6U/mzQ9xwAF2Bs="></latexit>

PQ breaks during or before inflation and is never restored afterwards
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Figure 3: Relation between the axionÕs mass and the initial angle! 0 in the pre-inßation scenario.
The post-inßation scenario corresponds to! 0 = 2.155 with a strict lower bound on the axionÕs mass
of mA =28(2)µeV. The thick red line shows our result on the axionÕs mass for the post-inßation case.
E.g. mA =50(4)µeV if one assumes that axions from the misalignment mechanism contributes 50% to
dark matter. Our Þnal estimate ismA =50-1500µeV (the upper bound assumes that only 1% is the
contribution of the misalignment mechanism the rest comes from other sources e.g. topological defects).
For an experimental setup to detect post-inßationary axions see [17]. The slight bend aroundmA ! 10! 5

µeV corresponds to an oscillation temperature at the QCD transition [4, 11].

leaving a very mildO(10%) continuum extrapolation to be performed. In addition, the direct determina-
tion of " (T) all the way up to 3 GeV means that one does not have to rely on the dilute instanton gas
approximation (DIGA). Note thata posteriorithe exponent predicted by DIGA turned out to be compatible
with our Þnding but its prefactor is o! by an order of magnitude, similar to the quenched case.

As a possible application for these two cosmologically relevant lattice QCD results, we show how to
calculate the amount of axionic dark matter and how it can be used to determine the mass of the axion.
As we have seen," (T) is a rapidly decreasing function of the temperature. Thus, at high temperaturemA

(which is proportional to" (T)1/ 2) is small. In fact, much smaller than the Hubble expansion rate of the
universe at that time or temperature (H (T)). The axion does not feel the tilt in the Peccei-Quinn Mexican
hat type potential yet and it is e! ectively massless and frozen by the Hubble friction. As the Universe
expands the temperature decreases," (T) increases and the axion mass also increases. In the meantime,
the Hubble expansion rate Ðgiven by our equation of stateÐ decreases. As the temperature decreases to
Tosc the axion mass is of the same order as the Hubble constant (Tosc is deÞned by3H (Tosc) = mA (Tosc)).
Around this time the axion Þeld rolls down the potential, starts to oscillate around the tilted minimum
and the axion number density increases to a nonzero value, thus axions as dark matter are produced. The
details of this production mechanism, usually called misalignment, are quite well known (see e.g. [18,
17]).

In a post-inßationary scenario the initial value of the angle! takes all values between -# and#, whereas
in the pre-inßationary scenario only one! 0 angle contributes (all other values are inßated away). One
should also mention that during the U(1) symmetry breaking topological strings appear which decay and
also produce dark matter axions. In the pre-inßationary scenario they are inßated away. However, in the
post-inßationary framework their role is more important. This sort of axion production mechanism is less
well-understood and in our Þnal results it is necessary to make some assumptions.
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Figure 3: Relation between the axionÕs mass and the initial angle! 0 in the pre-inßation scenario.
The post-inßation scenario corresponds to! 0 = 2.155 with a strict lower bound on the axionÕs mass
of mA =28(2)µeV. The thick red line shows our result on the axionÕs mass for the post-inßation case.
E.g. mA =50(4)µeV if one assumes that axions from the misalignment mechanism contributes 50% to
dark matter. Our Þnal estimate ismA =50-1500µeV (the upper bound assumes that only 1% is the
contribution of the misalignment mechanism the rest comes from other sources e.g. topological defects).
For an experimental setup to detect post-inßationary axions see [17]. The slight bend aroundmA ! 10! 5

µeV corresponds to an oscillation temperature at the QCD transition [4, 11].

leaving a very mildO(10%) continuum extrapolation to be performed. In addition, the direct determina-
tion of " (T) all the way up to 3 GeV means that one does not have to rely on the dilute instanton gas
approximation (DIGA). Note thata posteriorithe exponent predicted by DIGA turned out to be compatible
with our Þnding but its prefactor is o! by an order of magnitude, similar to the quenched case.

As a possible application for these two cosmologically relevant lattice QCD results, we show how to
calculate the amount of axionic dark matter and how it can be used to determine the mass of the axion.
As we have seen," (T) is a rapidly decreasing function of the temperature. Thus, at high temperaturemA

(which is proportional to" (T)1/ 2) is small. In fact, much smaller than the Hubble expansion rate of the
universe at that time or temperature (H (T)). The axion does not feel the tilt in the Peccei-Quinn Mexican
hat type potential yet and it is e! ectively massless and frozen by the Hubble friction. As the Universe
expands the temperature decreases," (T) increases and the axion mass also increases. In the meantime,
the Hubble expansion rate Ðgiven by our equation of stateÐ decreases. As the temperature decreases to
Tosc the axion mass is of the same order as the Hubble constant (Tosc is deÞned by3H (Tosc) = mA (Tosc)).
Around this time the axion Þeld rolls down the potential, starts to oscillate around the tilted minimum
and the axion number density increases to a nonzero value, thus axions as dark matter are produced. The
details of this production mechanism, usually called misalignment, are quite well known (see e.g. [18,
17]).

In a post-inßationary scenario the initial value of the angle! takes all values between -# and#, whereas
in the pre-inßationary scenario only one! 0 angle contributes (all other values are inßated away). One
should also mention that during the U(1) symmetry breaking topological strings appear which decay and
also produce dark matter axions. In the pre-inßationary scenario they are inßated away. However, in the
post-inßationary framework their role is more important. This sort of axion production mechanism is less
well-understood and in our Þnal results it is necessary to make some assumptions.

6

<latexit sha1_base64="sFOAjwudI57xw+B8PRZjReFR2xk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahXkqioh6LXjxWsB/QhLDZbtqlu0nY3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwpQzpR3n2yqtrW9sbpW3Kzu7e/sH9uFRWyWZJLRFEp7IbogV5SymLc00p91UUixCTjvh6H7md8ZUKpbET3qSUl/gQcwiRrA2UmDbIsA1T2TIkyKn7el5YFedujMHWiVuQapQoBnYX14/IZmgsSYcK9VznVT7OZaaEU6nFS9TNMVkhAe0Z2iMBVV+Pr98is6M0kdRIk3FGs3V3xM5FkpNRGg6BdZDtezNxP+8XqajWz9ncZppGpPFoijjSCdoFgPqM0mJ5hNDMJHM3IrIEEtMtAmrYkJwl19eJe2Luntdv3y8qjbuijjKcAKnUAMXbqABD9CEFhAYwzO8wpuVWy/Wu/WxaC1Zxcwx/IH1+QPHDpMd</latexit>

ma(µeV)

<latexit sha1_base64="zCFwtolI6gLJW3wLph+fc22GPdQ=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXsquinosetBjBfsB7VKyabYNTbJrki2Upb/DiwdFvPpjvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPGjpKFKF1EvFItQKsKWeS1g0znLZiRbEIOG0Gw9up3xxRpVkkH804pr7AfclCRrCxkh92cbmjRHpHG5PTbrHkVtwZ0DLxMlKCDLVu8avTi0giqDSEY63bnhsbP8XKMMLppNBJNI0xGeI+bVsqsaDaT2dHT9CJVXoojJQtadBM/T2RYqH1WAS2U2Az0IveVPzPaycmvPZTJuPEUEnmi8KEIxOhaQKoxxQlho8twUQxeysiA6wwMTangg3BW3x5mTTOKt5l5fzholS9yeLIwxEcQxk8uIIq3EMN6kDgCZ7hFd6ckfPivDsf89ack80cwh84nz8f1pGw</latexit>

f a (GeV)

<latexit sha1_base64="NC31Igob3YdGf7qHpZ57bfrZuko=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lU1GPRi8cK9gPaUDbbSbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxup37rCbQRsXrAcQJ+xAZKhIIztFK7i0NA1hO9csWtujPQZeLlpEJy1Hvlr24/5mkECrlkxnQ8N0E/YxoFlzApdVMDCeMjNoCOpYpFYPxsdu+EnlilT8NY21JIZ+rviYxFxoyjwHZGDIdm0ZuK/3mdFMNrPxMqSREUny8KU0kxptPnaV9o4CjHljCuhb2V8iHTjKONqGRD8BZfXibNs6p3WT2/v6jUbvI4iuSIHJNT4pErUiN3pE4ahBNJnskreXMenRfn3fmYtxacfOaQ/IHz+QMk8pAM</latexit>

! i

<latexit sha1_base64="qBgDbyTfmtGjhfLxW7FQLpkdpw4="></latexit>

⌦a & ⌦DM

✓
fa

2⇥ 1011 GeV

◆7/6

<latexit sha1_base64="i4WjRF9CpnxhcOobk5RNzv6QSDM=">AAACCHicbVC7SgNBFJ2Nrxhfq5YWDgbBKuxGUMugFjZCBPOAZAmzk9lkyDyWmVkhLClt/BUbC0Vs/QQ7/8bZZAtNPDBwOOfeO/eeMGZUG8/7dgpLyyura8X10sbm1vaOu7vX1DJRmDSwZFK1Q6QJo4I0DDWMtGNFEA8ZaYWjq8xvPRClqRT3ZhyTgKOBoBHFyFip5x5e38JISQ451YjRgeBEGMgJHiJBNYc9t+xVvCngIvFzUgY56j33q9uXOMnGYIa07vhebIIUKUMxI5NSN9EkRniEBqRjqUCc6CCdHjKBx1bpw0gq++waU/V3R4q41mMe2kqOzFDPe5n4n9dJTHQRpFTEiSECzz6KEgaNhFkqsE8VwYaNLUFYUbsrtAkohI3NrmRD8OdPXiTNasU/q5zeVcu1yzyOIjgAR+AE+OAc1MANqIMGwOARPINX8OY8OS/Ou/MxKy04ec8++APn8wcdVJlp</latexit>

DM from misalignment mechanism

<latexit sha1_base64="FiPExsycbAK9cgCiM2oSF+SCTdw=">AAACJHicbVDLSgMxFM34rPU16tJNsAh1U2YqqOCm6MZlBfuAtpQ7mUwbmkmGJKMMpR/jxl9x48IHLtz4LaaPhbYeCBzOOZebe4KEM20878tZWl5ZXVvPbeQ3t7Z3dt29/bqWqSK0RiSXqhmAppwJWjPMcNpMFIU44LQRDK7HfuOeKs2kuDNZQjsx9ASLGAFjpa57CSLEISWQYRlhIxM70bMut2JEidG4qI1ioqfxJCljYAI/AOf6pOsWvJI3AV4k/owU0AzVrvveDiVJYyoM4aB1y/cS0xmCMoxwOsq3U00TIAPo0ZalAmKqO8PJkSN8bJUQR1LZJwyeqL8nhhBrncWBTcZg+nreG4v/ea3URBedIRNJaqgg00VRym0ZeNwYDpmyRfDMEiCK2b9i0gcFxNhe87YEf/7kRVIvl/yz0ultuVC5mtWRQ4foCBWRj85RBd2gKqohgh7RM3pFb86T8+J8OJ/T6JIzmzlAf+B8/wByfqSx</latexit>

and decay of topological defects (strings and domain walls)

Borsanyi, 2016 (edited)

<latexit sha1_base64="AmcreQKubVvNZR+yc07yWYcHSeU=">AAAB+XicbVDLSgNBEOyNrxhfqx69DAbBU9hVo16EoBePEcwDkiXMTmaTIbMPZnoDYcmfePGgiFf/xJt/4yTZg0YLGoqqbrq7/EQKjY7zZRVWVtfWN4qbpa3tnd09e/+gqeNUMd5gsYxV26eaSxHxBgqUvJ0oTkNf8pY/upv5rTFXWsTRI04S7oV0EIlAMIpG6tl2F4ccaU+QG3JWcavVnl12Ks4c5C9xc1KGHPWe/dntxywNeYRMUq07rpOgl1GFgkk+LXVTzRPKRnTAO4ZGNOTay+aXT8mJUfokiJWpCMlc/TmR0VDrSeibzpDiUC97M/E/r5NicO1lIkpS5BFbLApSSTAmsxhIXyjOUE4MoUwJcythQ6ooQxNWyYTgLr/8lzRNYJeV84eLcu02j6MIR3AMp+DCFdTgHurQAAZjeIIXeLUy69l6s94XrQUrnzmEX7A+vgEdUZIF</latexit>

! i = 2 .155

<latexit sha1_base64="orl4zV+g6tAjzWQyjmcU81TSzog=">AAACD3icbVC7TgMxEPSFVwivACWNRQQKTXQHElDyaChBIhApOUV7ziax4rMP24cUnfIHNPwKDQUI0dLS8Tc4IQUkjGR5NLPr9U6UCG6s7395uZnZufmF/GJhaXllda24vnFjVKoZVpkSStciMCi4xKrlVmAt0QhxJPA26p0P/dt71IYreW37CYYxdCRvcwbWSc3i7qlzoYNUuZuCELSMdylPtIrAvbFHQXYEmmax5Ff8Eeg0CcakRMa4bBY/Gy3F0hilZQKMqQd+YsMMtOVM4KDQSA0mwHpudN1RCTGaMBvtM6A7TmnRttLuSEtH6u+ODGJj+nHkKmOwXTPpDcX/vHpq28dhxmWSWpTsZ1A7FdQqOgyHtrhGZkXfEWCau79S1gUNzLoICy6EYHLlaXKzXwkOKwdX+6WTs3EcebJFtkmZBOSInJALckmqhJEH8kReyKv36D17b977T2nOG/dskj/wPr4BMhucIw==</latexit>

Average over all (equiprobable) angles



Post-inßationary scenario:

<latexit sha1_base64="ATRiKcvxvIif5ZbfJSVe8Kt8wug=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBRSkzKuqy6KbuKvQFnTJk0kwbmmSGJCOWoeDGX3HjQhG3/oQ7/8a0nYW2HrhwOOde7r0niBlV2nG+rdzS8srqWn69sLG5tb1j7+41VZRITBo4YpFsB0gRRgVpaKoZaceSIB4w0gqGNxO/dU+kopGo61FMuhz1BQ0pRtpIvn0Q+shjRClFOaz6t16pVPdTjh7G0LeLTtmZAi4SNyNFkKHm219eL8IJJ0JjhpTquE6suymSmmJGxgUvUSRGeIj6pGOoQJyobjr9YQyPjdKDYSRNCQ2n6u+JFHGlRjwwnRzpgZr3JuJ/XifR4VU3pSJONBF4tihMGNQRnAQCe1QSrNnIEIQlNbdCPEASYW1iK5gQ3PmXF0nztOxelM/uzouV6yyOPDgER+AEuOASVEAV1EADYPAInsEreLOerBfr3fqYteasbGYf/IH1+QPpq5cO</latexit>

f a ! H I , Tmax

<latexit sha1_base64="IRTVktoM07bIFjpAJX8DffjwxS4="></latexit>

Our current Hubble patch contains regions with all possible values of
<latexit sha1_base64="xsVFKUA6nxHciMPpAXZlojLJUm8=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5qoqBeh6MVjBfsBbQmb7aZdutmE3YlSYn+KFw+KePWXePPfuGlz0NYHA4/3ZpiZ58eCa3Ccb6uwtLyyulZcL21sbm3v2OXdpo4SRVmDRiJSbZ9oJrhkDeAgWDtWjIS+YC1/dJP5rQemNI/kPYxj1gvJQPKAUwJG8uxyF4YMiMevTB0HHil5dsWpOlPgReLmpIJy1D37q9uPaBIyCVQQrTuuE0MvJQo4FWxS6iaaxYSOyIB1DJUkZLqXTk+f4EOj9HEQKVMS8FT9PZGSUOtx6JvOkMBQz3uZ+J/XSSC47KVcxgkwSWeLgkRgiHCWA+5zxSiIsSGEKm5uxXRIFKFg0spCcOdfXiTNk6p7Xj29O6vUrvM4imgfHaAj5KILVEO3qI4aiKJH9Ixe0Zv1ZL1Y79bHrLVg5TN76A+szx9FipNc</latexit>

! i = ai /f a

<latexit sha1_base64="1WQjJV9NW/vwPsJMpq6srjuWHQI="></latexit>

PQ breaks after inflation or, if it breaks during or before, it is restored later

<latexit sha1_base64="awDo5Wtt4ksKYfRSyrzITMV3WqY=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RERT0WvXisYD8gCWWz3bZLN7thdyOU0J/hxYMiXv013vw3btoctPXBwOO9GWbmRQln2rjut1NaWV1b3yhvVra2d3b3qvsHbS1TRWiLSC5VN8KaciZoyzDDaTdRFMcRp51ofJf7nSeqNJPi0UwSGsZ4KNiAEWys5AdM+O5ZkLCw0qvW3Lo7A1omXkFqUKDZq34FfUnSmApDONba99zEhBlWhhFOp5Ug1TTBZIyH1LdU4JjqMJudPEUnVumjgVS2hEEz9fdEhmOtJ3FkO2NsRnrRy8X/PD81g5swYyJJDRVkvmiQcmQkyv9HfaYoMXxiCSaK2VsRGWGFibEp5SF4iy8vk/Z53buqXzxc1hq3RRxlOIJjOAUPrqEB99CEFhCQ8Ayv8OYY58V5dz7mrSWnmDmEP3A+fwAO2ZB2</latexit>

2 [0,⇡]

<latexit sha1_base64="jDGkkK6hzaAnA4Jhc/1u1ULzIO0=">AAACJnicbVBNSyNBFOxRd3WzH0Y9emkMC9lLmFll14sg6mEvooIxgUwIbzovSWP3zND9RgjD/Bov/hUvHpRFvO1PsScJumu2oKGoqke/V1GqpCXff/IWFpfevV9e+VD5+Onzl9Xq2vqFTTIjsCkSlZh2BBaVjLFJkhS2U4OgI4Wt6PKw9FtXaKxM4nMap9jVMIzlQAogJ/Wqe+GJxiH0cihCK3UoY+KvUj2kERJ84/0pKSMv9tFx0avW/IY/AZ8nwYzU2Aynvep92E9EpjEmocDaTuCn1M3BkBQKi0qYWUxBXMIQO47GoNF288mZBf/qlD4fJMY9t+ZE/XsiB23tWEcuqYFG9q1Xiv/zOhkNdru5jNOMMBbTjwaZ4pTwsjPelwYFqbEjIIx0u3IxAgOCXLMVV0Lw9uR5cvG9EfxobJ/t1PYPZnWssE22xeosYD/ZPvvFTlmTCXbNbtk9e/BuvDvvt/c4jS54s5kN9g+8P88YE6Ym</latexit>

! a !
!

! a(! )d! ! ! DM
<latexit sha1_base64="P6s4MPggQCdyRTtAsxXEBhS1YGs=">AAACC3icbVC7TsMwFHV4lvIKMLJYbZHKUiVFAsYKFjaKRB9SE1WO67RWbSeyHaQq6s7Cr7AwgBArP8DG3+C0GaDlSJaOz7lX994TxIwq7Tjf1srq2vrGZmGruL2zu7dvHxy2VZRITFo4YpHsBkgRRgVpaaoZ6caSIB4w0gnG15nfeSBS0Ujc60lMfI6GgoYUI22kvl2iIazwPvIU5dDjSI8wYunttOo6p+afVEi7b5edmjMDXCZuTsogR7Nvf3mDCCecCI0ZUqrnOrH2UyQ1xYxMi16iSIzwGA1Jz1CBOFF+OrtlCk+MMoBhJM0TGs7U3x0p4kpNeGAqs23VopeJ/3m9RIeXfkpFnGgi8HxQmDCoI5gFAwdUEqzZxBCEJTW7QjxCEmFt4iuaENzFk5dJu15zz2tnd/Vy4yqPowCOQQlUgQsuQAPcgCZoAQwewTN4BW/Wk/VivVsf89IVK+85An9gff4AjGeZdg==</latexit>

if ma ! O(10)µeV

<latexit sha1_base64="2AXbRVN/2PeddG691CvjF9880nk=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBVZlRUZdFXbgRK9gHdIYhk6ZtaJIZkoxQhgE3/oobF4q49Sfc+Tem7QjaeuDCyTn3kntPGDOqtON8WYW5+YXFpeJyaWV1bX3D3txqqCiRmNRxxCLZCpEijApS11Qz0oolQTxkpBkOLkZ+855IRSNxp4cx8TnqCdqlGGkjBfaOd8NJDwUpyjxFOfx5Xl5ngV12Ks4YcJa4OSmDHLXA/vQ6EU44ERozpFTbdWLtp0hqihnJSl6iSIzwAPVI21CBOFF+Or4hg/tG6cBuJE0JDcfq74kUcaWGPDSdHOm+mvZG4n9eO9HdMz+lIk40EXjyUTdhUEdwFAjsUEmwZkNDEJbU7ApxH0mEtYmtZEJwp0+eJY3DintSObo9LlfP8ziKYBfsgQPgglNQBVegBuoAgwfwBF7Aq/VoPVtv1vuktWDlM9vgD6yPb9Tml6Y=</latexit>

! a ! ! DM

<latexit sha1_base64="G2gPyPrgjAfybviTW7ym8weYPEI=">AAACKHicbVDJSgNBEO2JW4xb1KOXxiB4CjMK6s2gHrwIEYwKMYSanprYpJehu0cIIZ/jxV/xIqJIrn6JneXg9qDh8aqqq96LM8GtC8NhUJiZnZtfKC6WlpZXVtfK6xvXVueGYYNpoc1tDBYFV9hw3Am8zQyCjAXexN3TUf3mAY3lWl25XoYtCR3FU87AealdPj67oKnRkkpuQfCOkqgclcjuQXErKaiEJsigR3VKnc78hx0/LLyYInO2Xa6E1XAM+pdEU1IhU9Tb5de7RLN8tIYJsLYZhZlr9cE4zgQOSne5xQxYFzrY9FSBRNvqj40O6I5XEppq458/c6x+n+iDtLYnY98pwd3b37WR+F+tmbv0qNXnKssdKjZZlObCO6aj1GjCjXcrep4AM9zfSn1CBpjz2ZZ8CNFvy3/J9V41OqjuX+5VaifTOIpki2yTXRKRQ1Ij56ROGoSRR/JM3sh78BS8BB/BcNJaCKYzm+QHgs8vLkymsg==</latexit>

DM from misalignment mechanism and decay of topological defects
<latexit sha1_base64="W0Leoqa8Ps8C12V0JMZ82Qw0vtc=">AAACA3icbVBNS8NAEN34WetX1JteFotQLyWpoB6LXjxWsB/QhjLZbNqlm03Y3SglFLz4V7x4UMSrf8Kb/8Ztm4O2Phh4vDfDzDw/4Uxpx/m2lpZXVtfWCxvFza3tnV17b7+p4lQS2iAxj2XbB0U5E7Shmea0nUgKkc9pyx9eT/zWPZWKxeJOjxLqRdAXLGQEtJF69mFZaclEX2EQAQ7iCJjAD8C5Ou3ZJafiTIEXiZuTEspR79lf3SAmaUSFJhyU6rhOor0MpGaE03GxmyqaABlCn3YMFRBR5WXTH8b4xCgBDmNpSmg8VX9PZBApNYp80xmBHqh5byL+53VSHV56GRNJqqkgs0VhyrGO8SQQHDBJieYjQ4BIZm7FZAASiDaxFU0I7vzLi6RZrbjnlbPbaql2lcdRQEfoGJWRiy5QDd2gOmoggh7RM3pFb9aT9WK9Wx+z1iUrnzlAf2B9/gA03pc+</latexit>

(strings and domain walls)

Klaer, Moore 2017. Buschmann, Foster, Safdi 2019

<latexit sha1_base64="j+d16EbwrapbPxkFEA+/JzuziHo=">AAACHnicbVC7TsMwFHXKq5RXgZHFokJiqpLyHCvKwMDQSvQhNSVyHKe1ajuR7SBVUb+EhV9hYQAhJCb4G9w2A7QcyfbRuefavsePGVXatr+t3NLyyupafr2wsbm1vVPc3WupKJGYNHHEItnxkSKMCtLUVDPSiSVB3Gek7Q9rk3r7gUhFI3GnRzHpcdQXNKQYaSN5xTM3lAinoYfGKTebqyiHM829NdcEyEtdyWGjdj2+r0w95vCKJbtsTwEXiZOREshQ94qfbhDhhBOhMUNKdR071r0USU0xI+OCmygSIzxEfdI1VCBOVC+djjeGR0YJYBhJs4SGU/V3R4q4UiPuGydHeqDmaxPxv1o30eFlL6UiTjQRePZQmDCoIzjJCgZUEqzZyBCEJTV/hXiATDbaJFowITjzIy+SVqXsnJdPGqel6lUWRx4cgENwDBxwAargBtRBE2DwCJ7BK3iznqwX6936mFlzVtazD/7A+voBNIejIQ==</latexit>

f a

ma
!

! 2
QCD

m2
a

Gorghetto, Hardy, Villadoro 2020

<latexit sha1_base64="x7S3akcEff+2xI9/1aUdC0zZQPw=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzJTQcVV0Y0LFxXsA9qhZNJMG5rHkGSEOhR/xY0LRdz6H+78G9PpLLT1QOBwzr03954wZlQbz/t2CkvLK6trxfXSxubW9o67u9fUMlGYNLBkUrVDpAmjgjQMNYy0Y0UQDxlphaPrqd96IEpTKe7NOCYBRwNBI4qRsVLPPbhFxlBMIJY8TkymXvbcslfxMsBF4uekDHLUe+5Xty9xwokwmCGtO74XmyBFyo5mZFLqJprECI/QgHQsFYgTHaTZ9hN4bJU+jKSyTxiYqb87UsS1HvPQVnJkhnrem4r/eZ3ERBdBSoW9iwg8+yhKGDQSTqOAfaoINmxsCcKK2l0hHiKFsLGBlWwI/vzJi6RZrfhnldO7arl2lcdRBIfgCJwAH5yDGrgBddAAGDyCZ/AK3pwn58V5dz5mpQUn79kHf+B8/gCPQ5VM</latexit>

Lattice computation:

<latexit sha1_base64="KfruVnso3nSdeafAbAEfwcGH5pA=">AAACEHicbVC7TsMwFHV4lvIKMLJYtIiyVEkrAWMFCxtFog+pCZHjOq1VO4lsB6mK+gks/AoLAwixMrLxNzhtBmg5kqWjc86V7z1+zKhUlvVtLC2vrK6tFzaKm1vbO7vm3n5bRonApIUjFomujyRhNCQtRRUj3VgQxH1GOv7oKvM7D0RIGoV3ahwTl6NBSAOKkdKSZ57QAJa5h5yB0iEOHY7UECOW3kwqtnVfP9VKUiZtzyxZVWsKuEjsnJRAjqZnfjn9CCechAozJGXPtmLlpkgoihmZFJ1EkhjhERqQnqYh4kS66fSgCTzWSh8GkdAvVHCq/p5IEZdyzH2dzPaV814m/uf1EhVcuCkN40SREM8+ChIGVQSzdmCfCoIVG2uCsKB6V4iHSCCsdIdFXYI9f/Iiadeq9lm1flsrNS7zOgrgEByBCrDBOWiAa9AELYDBI3gGr+DNeDJejHfjYxZdMvKZA/AHxucPYAabhg==</latexit>

if ma ! O(103)µeV
<latexit sha1_base64="kvbqgFUVWyIfifcShNmhKkazD2U=">AAACC3icbZDLSsNAFIZPvNZ6i7p0M7QIbiyJinZZdKHLCvYCbSyT6aQdOpOEmYlQQvdufBU3LhRx6wu4822ctgG19YeBn++cw5nz+zFnSjvOl7WwuLS8sppby69vbG5t2zu7dRUlktAaiXgkmz5WlLOQ1jTTnDZjSbHwOW34g8txvXFPpWJReKuHMfUE7oUsYARrgzp2wXXuyihtS4GuaH2EjpABqeuMfljHLjolZyI0b9zMFCFTtWN/trsRSQQNNeFYqZbrxNpLsdSMcDrKtxNFY0wGuEdbxoZYUOWlk1tG6MCQLgoiaV6o0YT+nkixUGoofNMpsO6r2doY/ldrJTooeykL40TTkEwXBQlHOkLjYFCXSUo0HxqDiWTmr4j0scREm/jyJgR39uR5Uz8uuWelk5vTYuUiiyMH+1CAQ3DhHCpwDVWoAYEHeIIXeLUerWfrzXqfti5Y2cwe/JH18Q3ZXJht</latexit>

108GeV ! 1010GeV
<latexit sha1_base64="0g+hVACHCnvvxweBhw9aOh23Lck=">AAAB+nicbVBNS8NAEJ34WetXqkcvwSJ4sSQV1GPRi8cK9gPaUDbbTbt0sxt2N0qI/SlePCji1V/izX/jNs1BWx8MPN6bYWZeEDOqtOt+Wyura+sbm6Wt8vbO7t6+XTloK5FITFpYMCG7AVKEUU5ammpGurEkKAoY6QSTm5nfeSBSUcHvdRoTP0IjTkOKkTbSwK7EQukzykOWC0imA7vq1twczjLxClKFAs2B/dUfCpxEhGvMkFI9z421nyGpKWZkWu4nisQIT9CI9AzlKCLKz/LTp86JUYZOKKQprp1c/T2RoUipNApMZ4T0WC16M/E/r5fo8MrPKI8TTTieLwoT5mjhzHJwhlQSrFlqCMKSmlsdPEYSYW3SKpsQvMWXl0m7XvMuaud39WrjuoijBEdwDKfgwSU04Baa0AIMj/AMr/BmPVkv1rv1MW9dsYqZQ/gD6/MH0f2UXg==</latexit>

post-inßationary



Post-inßationary scenario:

<latexit sha1_base64="ATRiKcvxvIif5ZbfJSVe8Kt8wug=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBRSkzKuqy6KbuKvQFnTJk0kwbmmSGJCOWoeDGX3HjQhG3/oQ7/8a0nYW2HrhwOOde7r0niBlV2nG+rdzS8srqWn69sLG5tb1j7+41VZRITBo4YpFsB0gRRgVpaKoZaceSIB4w0gqGNxO/dU+kopGo61FMuhz1BQ0pRtpIvn0Q+shjRClFOaz6t16pVPdTjh7G0LeLTtmZAi4SNyNFkKHm219eL8IJJ0JjhpTquE6suymSmmJGxgUvUSRGeIj6pGOoQJyobjr9YQyPjdKDYSRNCQ2n6u+JFHGlRjwwnRzpgZr3JuJ/XifR4VU3pSJONBF4tihMGNQRnAQCe1QSrNnIEIQlNbdCPEASYW1iK5gQ3PmXF0nztOxelM/uzouV6yyOPDgER+AEuOASVEAV1EADYPAInsEreLOerBfr3fqYteasbGYf/IH1+QPpq5cO</latexit>

f a ! H I , Tmax

<latexit sha1_base64="IRTVktoM07bIFjpAJX8DffjwxS4="></latexit>

Our current Hubble patch contains regions with all possible values of
<latexit sha1_base64="xsVFKUA6nxHciMPpAXZlojLJUm8=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5qoqBeh6MVjBfsBbQmb7aZdutmE3YlSYn+KFw+KePWXePPfuGlz0NYHA4/3ZpiZ58eCa3Ccb6uwtLyyulZcL21sbm3v2OXdpo4SRVmDRiJSbZ9oJrhkDeAgWDtWjIS+YC1/dJP5rQemNI/kPYxj1gvJQPKAUwJG8uxyF4YMiMevTB0HHil5dsWpOlPgReLmpIJy1D37q9uPaBIyCVQQrTuuE0MvJQo4FWxS6iaaxYSOyIB1DJUkZLqXTk+f4EOj9HEQKVMS8FT9PZGSUOtx6JvOkMBQz3uZ+J/XSSC47KVcxgkwSWeLgkRgiHCWA+5zxSiIsSGEKm5uxXRIFKFg0spCcOdfXiTNk6p7Xj29O6vUrvM4imgfHaAj5KILVEO3qI4aiKJH9Ixe0Zv1ZL1Y79bHrLVg5TN76A+szx9FipNc</latexit>

! i = ai /f a

<latexit sha1_base64="1WQjJV9NW/vwPsJMpq6srjuWHQI="></latexit>

PQ breaks after inflation or, if it breaks during or before, it is restored later

<latexit sha1_base64="awDo5Wtt4ksKYfRSyrzITMV3WqY=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RERT0WvXisYD8gCWWz3bZLN7thdyOU0J/hxYMiXv013vw3btoctPXBwOO9GWbmRQln2rjut1NaWV1b3yhvVra2d3b3qvsHbS1TRWiLSC5VN8KaciZoyzDDaTdRFMcRp51ofJf7nSeqNJPi0UwSGsZ4KNiAEWys5AdM+O5ZkLCw0qvW3Lo7A1omXkFqUKDZq34FfUnSmApDONba99zEhBlWhhFOp5Ug1TTBZIyH1LdU4JjqMJudPEUnVumjgVS2hEEz9fdEhmOtJ3FkO2NsRnrRy8X/PD81g5swYyJJDRVkvmiQcmQkyv9HfaYoMXxiCSaK2VsRGWGFibEp5SF4iy8vk/Z53buqXzxc1hq3RRxlOIJjOAUPrqEB99CEFhCQ8Ayv8OYY58V5dz7mrSWnmDmEP3A+fwAO2ZB2</latexit>

2 [0,⇡]

<latexit sha1_base64="jDGkkK6hzaAnA4Jhc/1u1ULzIO0=">AAACJnicbVBNSyNBFOxRd3WzH0Y9emkMC9lLmFll14sg6mEvooIxgUwIbzovSWP3zND9RgjD/Bov/hUvHpRFvO1PsScJumu2oKGoqke/V1GqpCXff/IWFpfevV9e+VD5+Onzl9Xq2vqFTTIjsCkSlZh2BBaVjLFJkhS2U4OgI4Wt6PKw9FtXaKxM4nMap9jVMIzlQAogJ/Wqe+GJxiH0cihCK3UoY+KvUj2kERJ84/0pKSMv9tFx0avW/IY/AZ8nwYzU2Aynvep92E9EpjEmocDaTuCn1M3BkBQKi0qYWUxBXMIQO47GoNF288mZBf/qlD4fJMY9t+ZE/XsiB23tWEcuqYFG9q1Xiv/zOhkNdru5jNOMMBbTjwaZ4pTwsjPelwYFqbEjIIx0u3IxAgOCXLMVV0Lw9uR5cvG9EfxobJ/t1PYPZnWssE22xeosYD/ZPvvFTlmTCXbNbtk9e/BuvDvvt/c4jS54s5kN9g+8P88YE6Ym</latexit>

! a !
!

! a(! )d! ! ! DM
<latexit sha1_base64="P6s4MPggQCdyRTtAsxXEBhS1YGs=">AAACC3icbVC7TsMwFHV4lvIKMLJYbZHKUiVFAsYKFjaKRB9SE1WO67RWbSeyHaQq6s7Cr7AwgBArP8DG3+C0GaDlSJaOz7lX994TxIwq7Tjf1srq2vrGZmGruL2zu7dvHxy2VZRITFo4YpHsBkgRRgVpaaoZ6caSIB4w0gnG15nfeSBS0Ujc60lMfI6GgoYUI22kvl2iIazwPvIU5dDjSI8wYunttOo6p+afVEi7b5edmjMDXCZuTsogR7Nvf3mDCCecCI0ZUqrnOrH2UyQ1xYxMi16iSIzwGA1Jz1CBOFF+OrtlCk+MMoBhJM0TGs7U3x0p4kpNeGAqs23VopeJ/3m9RIeXfkpFnGgi8HxQmDCoI5gFAwdUEqzZxBCEJTW7QjxCEmFt4iuaENzFk5dJu15zz2tnd/Vy4yqPowCOQQlUgQsuQAPcgCZoAQwewTN4BW/Wk/VivVsf89IVK+85An9gff4AjGeZdg==</latexit>

if ma ! O(10)µeV

<latexit sha1_base64="2AXbRVN/2PeddG691CvjF9880nk=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBVZlRUZdFXbgRK9gHdIYhk6ZtaJIZkoxQhgE3/oobF4q49Sfc+Tem7QjaeuDCyTn3kntPGDOqtON8WYW5+YXFpeJyaWV1bX3D3txqqCiRmNRxxCLZCpEijApS11Qz0oolQTxkpBkOLkZ+855IRSNxp4cx8TnqCdqlGGkjBfaOd8NJDwUpyjxFOfx5Xl5ngV12Ks4YcJa4OSmDHLXA/vQ6EU44ERozpFTbdWLtp0hqihnJSl6iSIzwAPVI21CBOFF+Or4hg/tG6cBuJE0JDcfq74kUcaWGPDSdHOm+mvZG4n9eO9HdMz+lIk40EXjyUTdhUEdwFAjsUEmwZkNDEJbU7ApxH0mEtYmtZEJwp0+eJY3DintSObo9LlfP8ziKYBfsgQPgglNQBVegBuoAgwfwBF7Aq/VoPVtv1vuktWDlM9vgD6yPb9Tml6Y=</latexit>

! a ! ! DM

<latexit sha1_base64="G2gPyPrgjAfybviTW7ym8weYPEI=">AAACKHicbVDJSgNBEO2JW4xb1KOXxiB4CjMK6s2gHrwIEYwKMYSanprYpJehu0cIIZ/jxV/xIqJIrn6JneXg9qDh8aqqq96LM8GtC8NhUJiZnZtfKC6WlpZXVtfK6xvXVueGYYNpoc1tDBYFV9hw3Am8zQyCjAXexN3TUf3mAY3lWl25XoYtCR3FU87AealdPj67oKnRkkpuQfCOkqgclcjuQXErKaiEJsigR3VKnc78hx0/LLyYInO2Xa6E1XAM+pdEU1IhU9Tb5de7RLN8tIYJsLYZhZlr9cE4zgQOSne5xQxYFzrY9FSBRNvqj40O6I5XEppq458/c6x+n+iDtLYnY98pwd3b37WR+F+tmbv0qNXnKssdKjZZlObCO6aj1GjCjXcrep4AM9zfSn1CBpjz2ZZ8CNFvy3/J9V41OqjuX+5VaifTOIpki2yTXRKRQ1Ij56ROGoSRR/JM3sh78BS8BB/BcNJaCKYzm+QHgs8vLkymsg==</latexit>

DM from misalignment mechanism and decay of topological defects
<latexit sha1_base64="W0Leoqa8Ps8C12V0JMZ82Qw0vtc=">AAACA3icbVBNS8NAEN34WetX1JteFotQLyWpoB6LXjxWsB/QhjLZbNqlm03Y3SglFLz4V7x4UMSrf8Kb/8Ztm4O2Phh4vDfDzDw/4Uxpx/m2lpZXVtfWCxvFza3tnV17b7+p4lQS2iAxj2XbB0U5E7Shmea0nUgKkc9pyx9eT/zWPZWKxeJOjxLqRdAXLGQEtJF69mFZaclEX2EQAQ7iCJjAD8C5Ou3ZJafiTIEXiZuTEspR79lf3SAmaUSFJhyU6rhOor0MpGaE03GxmyqaABlCn3YMFRBR5WXTH8b4xCgBDmNpSmg8VX9PZBApNYp80xmBHqh5byL+53VSHV56GRNJqqkgs0VhyrGO8SQQHDBJieYjQ4BIZm7FZAASiDaxFU0I7vzLi6RZrbjnlbPbaql2lcdRQEfoGJWRiy5QDd2gOmoggh7RM3pFb9aT9WK9Wx+z1iUrnzlAf2B9/gA03pc+</latexit>

(strings and domain walls)

Klaer, Moore 2017. Buschmann, Foster, Safdi 2019

<latexit sha1_base64="j+d16EbwrapbPxkFEA+/JzuziHo=">AAACHnicbVC7TsMwFHXKq5RXgZHFokJiqpLyHCvKwMDQSvQhNSVyHKe1ajuR7SBVUb+EhV9hYQAhJCb4G9w2A7QcyfbRuefavsePGVXatr+t3NLyyupafr2wsbm1vVPc3WupKJGYNHHEItnxkSKMCtLUVDPSiSVB3Gek7Q9rk3r7gUhFI3GnRzHpcdQXNKQYaSN5xTM3lAinoYfGKTebqyiHM829NdcEyEtdyWGjdj2+r0w95vCKJbtsTwEXiZOREshQ94qfbhDhhBOhMUNKdR071r0USU0xI+OCmygSIzxEfdI1VCBOVC+djjeGR0YJYBhJs4SGU/V3R4q4UiPuGydHeqDmaxPxv1o30eFlL6UiTjQRePZQmDCoIzjJCgZUEqzZyBCEJTV/hXiATDbaJFowITjzIy+SVqXsnJdPGqel6lUWRx4cgENwDBxwAargBtRBE2DwCJ7BK3iznqwX6936mFlzVtazD/7A+voBNIejIQ==</latexit>

f a

ma
!

! 2
QCD

m2
a

Gorghetto, Hardy, Villadoro 2020

<latexit sha1_base64="x7S3akcEff+2xI9/1aUdC0zZQPw=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzJTQcVV0Y0LFxXsA9qhZNJMG5rHkGSEOhR/xY0LRdz6H+78G9PpLLT1QOBwzr03954wZlQbz/t2CkvLK6trxfXSxubW9o67u9fUMlGYNLBkUrVDpAmjgjQMNYy0Y0UQDxlphaPrqd96IEpTKe7NOCYBRwNBI4qRsVLPPbhFxlBMIJY8TkymXvbcslfxMsBF4uekDHLUe+5Xty9xwokwmCGtO74XmyBFyo5mZFLqJprECI/QgHQsFYgTHaTZ9hN4bJU+jKSyTxiYqb87UsS1HvPQVnJkhnrem4r/eZ3ERBdBSoW9iwg8+yhKGDQSTqOAfaoINmxsCcKK2l0hHiKFsLGBlWwI/vzJi6RZrfhnldO7arl2lcdRBIfgCJwAH5yDGrgBddAAGDyCZ/AK3pwn58V5dz5mpQUn79kHf+B8/gCPQ5VM</latexit>

Lattice computation:

<latexit sha1_base64="KfruVnso3nSdeafAbAEfwcGH5pA=">AAACEHicbVC7TsMwFHV4lvIKMLJYtIiyVEkrAWMFCxtFog+pCZHjOq1VO4lsB6mK+gks/AoLAwixMrLxNzhtBmg5kqWjc86V7z1+zKhUlvVtLC2vrK6tFzaKm1vbO7vm3n5bRonApIUjFomujyRhNCQtRRUj3VgQxH1GOv7oKvM7D0RIGoV3ahwTl6NBSAOKkdKSZ57QAJa5h5yB0iEOHY7UECOW3kwqtnVfP9VKUiZtzyxZVWsKuEjsnJRAjqZnfjn9CCechAozJGXPtmLlpkgoihmZFJ1EkhjhERqQnqYh4kS66fSgCTzWSh8GkdAvVHCq/p5IEZdyzH2dzPaV814m/uf1EhVcuCkN40SREM8+ChIGVQSzdmCfCoIVG2uCsKB6V4iHSCCsdIdFXYI9f/Iiadeq9lm1flsrNS7zOgrgEByBCrDBOWiAa9AELYDBI3gGr+DNeDJejHfjYxZdMvKZA/AHxucPYAabhg==</latexit>

if ma ! O(103)µeV
<latexit sha1_base64="HHY4c+oQ+NkAYsbnaJpZqU2H4Nw=">AAACDnicbZC7TsMwFIYdrqXcAowsFlUlFqoEEHSsYICxSPQitaFyXKe1ajuR7SBVUZ6AhVdhYQAhVmY23gY3zVBafsnSr++co+Pz+xGjSjvOj7W0vLK6tl7YKG5ube/s2nv7TRXGEpMGDlko2z5ShFFBGppqRtqRJIj7jLT80fWk3nokUtFQ3OtxRDyOBoIGFCNtUM8uu85D4jopTLqSwxvSTOEJzFh1hvXsklNxMsFF4+amBHLVe/Z3tx/imBOhMUNKdVwn0l6CpKaYkbTYjRWJEB6hAekYKxAnykuyc1JYNqQPg1CaJzTM6OxEgrhSY+6bTo70UM3XJvC/WifWQdVLqIhiTQSeLgpiBnUIJ9nAPpUEazY2BmFJzV8hHiKJsDYJFk0I7vzJi6Z5WnEvKmd356XaVR5HARyCI3AMXHAJauAW1EEDYPAEXsAbeLeerVfrw/qcti5Z+cwB+CPr6xcx+Jm0</latexit>

1010GeV ! 1018GeV
<latexit sha1_base64="tvxLD8K5tfy1P9L3QXOmRSdD0NQ=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBjWWmBXVZdOOygn1AO5RMmmlDM5khyRSGoX/ixoUibv0Td/6N6XQW2nogcHLOueTm+DFnSjvOt1Xa2Nza3invVvb2Dw6P7OOTjooSSWibRDySPR8rypmgbc00p71YUhz6nHb96f3C786oVCwSTzqNqRfisWABI1gbaWjbJn3FRMDzO5bp0K46NScHWiduQapQoDW0vwajiCQhFZpwrFTfdWLtZVhqRjidVwaJojEmUzymfUMFDqnysnzzObowyggFkTRHaJSrvycyHCqVhr5JhlhP1Kq3EP/z+okObr2MiTjRVJDlQ0HCkY7QogY0YpISzVNDMJHM7IrIBEtMtCmrYkpwV7+8Tjr1mntdazzWq827oo4ynME5XIILN9CEB2hBGwjM4Ble4c3KrBfr3fpYRktWMXMKf2B9/gDkj5PV</latexit>

pre-inßationary

<latexit sha1_base64="kvbqgFUVWyIfifcShNmhKkazD2U=">AAACC3icbZDLSsNAFIZPvNZ6i7p0M7QIbiyJinZZdKHLCvYCbSyT6aQdOpOEmYlQQvdufBU3LhRx6wu4822ctgG19YeBn++cw5nz+zFnSjvOl7WwuLS8sppby69vbG5t2zu7dRUlktAaiXgkmz5WlLOQ1jTTnDZjSbHwOW34g8txvXFPpWJReKuHMfUE7oUsYARrgzp2wXXuyihtS4GuaH2EjpABqeuMfljHLjolZyI0b9zMFCFTtWN/trsRSQQNNeFYqZbrxNpLsdSMcDrKtxNFY0wGuEdbxoZYUOWlk1tG6MCQLgoiaV6o0YT+nkixUGoofNMpsO6r2doY/ldrJTooeykL40TTkEwXBQlHOkLjYFCXSUo0HxqDiWTmr4j0scREm/jyJgR39uR5Uz8uuWelk5vTYuUiiyMH+1CAQ3DhHCpwDVWoAYEHeIIXeLUerWfrzXqfti5Y2cwe/JH18Q3ZXJht</latexit>

108GeV ! 1010GeV
<latexit sha1_base64="0g+hVACHCnvvxweBhw9aOh23Lck=">AAAB+nicbVBNS8NAEJ34WetXqkcvwSJ4sSQV1GPRi8cK9gPaUDbbTbt0sxt2N0qI/SlePCji1V/izX/jNs1BWx8MPN6bYWZeEDOqtOt+Wyura+sbm6Wt8vbO7t6+XTloK5FITFpYMCG7AVKEUU5ammpGurEkKAoY6QSTm5nfeSBSUcHvdRoTP0IjTkOKkTbSwK7EQukzykOWC0imA7vq1twczjLxClKFAs2B/dUfCpxEhGvMkFI9z421nyGpKWZkWu4nisQIT9CI9AzlKCLKz/LTp86JUYZOKKQprp1c/T2RoUipNApMZ4T0WC16M/E/r5fo8MrPKI8TTTieLwoT5mjhzHJwhlQSrFlqCMKSmlsdPEYSYW3SKpsQvMWXl0m7XvMuaud39WrjuoijBEdwDKfgwSU04Baa0AIMj/AMr/BmPVkv1rv1MW9dsYqZQ/gD6/MH0f2UXg==</latexit>

post-inßationary

<latexit sha1_base64="HZM74/HratmofV0sFYqVQNFaB5Y=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaJ4KkkF9Vj04rGK/YA2lM120y7dbMLuRCih/8CLB0W8+o+8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecZxwP6IDJULBKFrpoXvWK5XdijsDWSZeTsqQo94rfXX7MUsjrpBJakzHcxP0M6pRMMknxW5qeELZiA54x1JFI278bHbphJxapU/CWNtSSGbq74mMRsaMo8B2RhSHZtGbiv95nRTDaz8TKkmRKzZfFKaSYEymb5O+0JyhHFtCmRb2VsKGVFOGNpyiDcFbfHmZNKsV77JycV8t127yOApwDCdwDh5cQQ3uoA4NYBDCM7zCmzNyXpx352PeuuLkM0fwB87nDxysjRY=</latexit>

&

<latexit sha1_base64="J4R1E296L23JDOeipY5BwiCcXM0=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHhRHYxUY9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9wvltyKuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWtWKd1W5bFRLtdssjjycwTmUwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AG71jLI=</latexit>

(
<latexit sha1_base64="J4R1E296L23JDOeipY5BwiCcXM0=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHhRHYxUY9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9wvltyKuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWtWKd1W5bFRLtdssjjycwTmUwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AG71jLI=</latexit>

(
<latexit sha1_base64="YVE86J3cW/9Dw7RaOx0BIzaPmco=">AAACC3icbVC7SgNBFJ2Nrxhfq5Y2QxLBQpbdCGoZtNAyQl6QhGV2cnczZPbBzGwghPQ2/oqNhSK2/oCdf+Mk2UITD1w4nHMv997jJZxJZdvfRm5tfWNzK79d2Nnd2z8wD4+aMk4FhQaNeSzaHpHAWQQNxRSHdiKAhB6Hlje8nfmtEQjJ4qiuxgn0QhJEzGeUKC25ZpETEQAu+y4p4zBWbDQ35DkGK7DwXaMuXbNkW/YceJU4GSmhDDXX/Or2Y5qGECnKiZQdx05Ub0KEYpTDtNBNJSSEDkkAHU0jEoLsTea/TPGpVvrYj4WuSOG5+ntiQkIpx6GnO0OiBnLZm4n/eZ1U+de9CYuSVEFEF4v8lGMV41kwuM8EUMXHmhAqmL4V0wERhCodX0GH4Cy/vEqaFcu5tC4eKqXqTRZHHp2gIjpDDrpCVXSPaqiBKHpEz+gVvRlPxovxbnwsWnNGNnOM/sD4/AGGdJly</latexit>

large f a motivations, e.g. GUTs



Isocurvature perturbations in the pre-inßationary scenario  

<latexit sha1_base64="Mp4MTHeQEDhFMMebr1FJe6n1T88="></latexit>

ma ! H I =" ! a #
HI

2"
$ !# DM

<latexit sha1_base64="6++Zze6b1bygVVKjr5aX/KV5KSo="></latexit>

�� ! �⇢� , �⇢⌫ , �⇢b
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If all species (including DM) are in thermal equilibrium before decoupling:

3

Any topological defects produced after the symmetry is broken are diluted away by inflation and do not contribute to
the axion energy density. In this case, since no large axion perturbations are generated during and after inflation, one
can assume that our current Hubble patch comes from a region with a common initial A/f A , which is denoted as ! i
and is often calledmisalignment angle. In the pre-inflationary scenario the axion abundance depends on both f A and
! i as [11],
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For f A near the typical unification scale of 1016 GeV the axionmass of Eq. (1) is of the order of neV. A large number of
experiments (ALPS [29], CAST [30], ABRACADABRA [31], ADMX [32], CULTASK [33], SHAFT [34], CAPP [35], HAYSTAC
[36], ORGAN [37], QUAX [38]) search for axions across the range 108GeV ! f A ! 1018GeV and several other are
proposed to join the search in the near future (ARIADNE [39], BRASS [40], CASPEr [41], KLASH [42], MADMAX [43],
IAXO [44]). Most experimental e! orts exploit the generically unavoidable coupling between axions and photons; see
[45] for a review. ABRACADABRA (and the futureDMRadioCubicMeter experiment) aswell as CASPEr are of particular
interest for models in which f A is O(1016) GeV as they could probe the axion masses at (DM Radio Cubic Meter) or
near (CASPEr: mA < neV) the range of masses associated with values of f A tied to the scale of grand unification.
In general, values of f A below " few # 108 GeV are excluded by neutrino data from the supernova SN1987A [46, 47].
Values of f A above " 1018GeVhavebeenargued tobe ruledout due to thenon-observationof gravitationalwaves from
axion induced superradiance on black holes [48]. Both limits su! er from astrophysical uncertainties. For instance, the
supernova bound has been questioned in [49].
Since the axion fluctuations generated during inflation in the pre-inflationary scenario are not erased by later pro-

cesses, they can a! ect the Cosmic Microwave Background (CMB) as isocurvature fluctuations in the cosmological
plasma during the radiation era. These are fluctuations in the energy densities " i of di! erent particle species in the
plasma satisfying:

#"i

" i + pi
$=

#"j

" j + pj
, for i $= j, (4)

(see Appendix A for more details). If all species enter thermal equilibrium in the radiation era before decoupling, such
isocurvature fluctuations are absent from the CMB since #"i / (" i + pi ) = (3 / 4)#"i / " i = 3#T/T . In a pre-inflationary
scenario, however, the axions donot reach thermal equilibriumwith the plasma. The axion interactions are suppressed
by inverse powers of f A , and for their rates to become large enough to achieve equilibration T > f A is needed, which
in general would lead to a thermal restoration of the PQ symmetry. Hence, one expects isocurvature fluctations which
are stringently constrained by theCMBdata fromPlanck [50]. Treating the axion asmassless, assuming its fluctuations
freeze at horizon crossing during inflation and allowing for the value of f A during inflation (f A, inf ) to be di! erent from
that corresponding to the minimum of the axion potential, the CMB isocurvature constraint can be written as follows
(see the discussion in Section III)
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In general, it is assumed that f A, inf = f A , so that the isocurvature bound can be avoided if the inflationary Hubble
scale Hinf is su" ciently small. This requires Hinf < 109 GeV, for f A > 1016 GeV. Such a value of Hinf is very small. In
particular, it is at odds with simple large-fieldmodels, e.g. such as those featuring an inflatonwith a flattened potential
due to a coupling to the Ricci scalar (see e.g. [51] as an example of such a non-minimal quartic chaotic inflationmodel),
for which typical values ofHinf are above 1013 GeV. 2
At face value, the bound of Eq. (5) implies that pre-inflationary axion darkmatter scenarios, including those inspired

by grandunification, are incompatiblewith standard (high-scale) inflation. Possibleways to avoid this stringent isocur-
vature bound have been proposed in the literature. For example, as is clear from Eq. (5), taking f A, inf % f A can help
suppressing isocurvature fluctuations, and this can be achieved if the axion is embedded into a complex scalar whose
modulus drives inflation with f A, inf " M P [52–54]. In this case, the isocurvature bound can be satisfied withHinf and
f A around 1013 GeV. The SMASHmodel [53, 55] is a particular example of an axion embedded into the inflaton. It was
shown in [53] that CMB isocurvature fluctuations are suppressed in SMASH if f A ! 1014 GeV. However, even for these
values of f A the PQ symmetry is restored in this model during preheating, and it was concluded in [53] that there was
no room for viable PQ breaking before or during inflation. In fact, in Ref. [53] it was argued that the PQ restoration
would not take place for f A " 4 # 1016 GeV, although this was not confirmed with dedicated reheating simulations.

2 For single-field inflationarymodels withH inf < 109 GeV the amount of B-modes from primordial gravitational waves that would be produced at
CMB scales would be unobservable with any conceivable future probe.
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If all species (including DM) are in thermal equilibrium before decoupling:

3

Any topological defects produced after the symmetry is broken are diluted away by inflation and do not contribute to
the axion energy density. In this case, since no large axion perturbations are generated during and after inflation, one
can assume that our current Hubble patch comes from a region with a common initial A/f A , which is denoted as ! i
and is often calledmisalignment angle. In the pre-inflationary scenario the axion abundance depends on both f A and
! i as [11],
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For f A near the typical unification scale of 1016 GeV the axionmass of Eq. (1) is of the order of neV. A large number of
experiments (ALPS [29], CAST [30], ABRACADABRA [31], ADMX [32], CULTASK [33], SHAFT [34], CAPP [35], HAYSTAC
[36], ORGAN [37], QUAX [38]) search for axions across the range 108GeV ! f A ! 1018GeV and several other are
proposed to join the search in the near future (ARIADNE [39], BRASS [40], CASPEr [41], KLASH [42], MADMAX [43],
IAXO [44]). Most experimental e! orts exploit the generically unavoidable coupling between axions and photons; see
[45] for a review. ABRACADABRA (and the futureDMRadioCubicMeter experiment) aswell as CASPEr are of particular
interest for models in which f A is O(1016) GeV as they could probe the axion masses at (DM Radio Cubic Meter) or
near (CASPEr: mA < neV) the range of masses associated with values of f A tied to the scale of grand unification.
In general, values of f A below " few # 108 GeV are excluded by neutrino data from the supernova SN1987A [46, 47].
Values of f A above " 1018GeVhavebeenargued tobe ruledout due to thenon-observationof gravitationalwaves from
axion induced superradiance on black holes [48]. Both limits su! er from astrophysical uncertainties. For instance, the
supernova bound has been questioned in [49].
Since the axion fluctuations generated during inflation in the pre-inflationary scenario are not erased by later pro-

cesses, they can a! ect the Cosmic Microwave Background (CMB) as isocurvature fluctuations in the cosmological
plasma during the radiation era. These are fluctuations in the energy densities " i of di! erent particle species in the
plasma satisfying:

#"i

" i + pi
$=

#"j

" j + pj
, for i $= j, (4)

(see Appendix A for more details). If all species enter thermal equilibrium in the radiation era before decoupling, such
isocurvature fluctuations are absent from the CMB since #"i / (" i + pi ) = (3 / 4)#"i / " i = 3#T/T . In a pre-inflationary
scenario, however, the axions donot reach thermal equilibriumwith the plasma. The axion interactions are suppressed
by inverse powers of f A , and for their rates to become large enough to achieve equilibration T > f A is needed, which
in general would lead to a thermal restoration of the PQ symmetry. Hence, one expects isocurvature fluctations which
are stringently constrained by theCMBdata fromPlanck [50]. Treating the axion asmassless, assuming its fluctuations
freeze at horizon crossing during inflation and allowing for the value of f A during inflation (f A, inf ) to be di! erent from
that corresponding to the minimum of the axion potential, the CMB isocurvature constraint can be written as follows
(see the discussion in Section III)
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In general, it is assumed that f A, inf = f A , so that the isocurvature bound can be avoided if the inflationary Hubble
scale Hinf is su" ciently small. This requires Hinf < 109 GeV, for f A > 1016 GeV. Such a value of Hinf is very small. In
particular, it is at odds with simple large-fieldmodels, e.g. such as those featuring an inflatonwith a flattened potential
due to a coupling to the Ricci scalar (see e.g. [51] as an example of such a non-minimal quartic chaotic inflationmodel),
for which typical values ofHinf are above 1013 GeV. 2
At face value, the bound of Eq. (5) implies that pre-inflationary axion darkmatter scenarios, including those inspired

by grandunification, are incompatiblewith standard (high-scale) inflation. Possibleways to avoid this stringent isocur-
vature bound have been proposed in the literature. For example, as is clear from Eq. (5), taking f A, inf % f A can help
suppressing isocurvature fluctuations, and this can be achieved if the axion is embedded into a complex scalar whose
modulus drives inflation with f A, inf " M P [52–54]. In this case, the isocurvature bound can be satisfied withHinf and
f A around 1013 GeV. The SMASHmodel [53, 55] is a particular example of an axion embedded into the inflaton. It was
shown in [53] that CMB isocurvature fluctuations are suppressed in SMASH if f A ! 1014 GeV. However, even for these
values of f A the PQ symmetry is restored in this model during preheating, and it was concluded in [53] that there was
no room for viable PQ breaking before or during inflation. In fact, in Ref. [53] it was argued that the PQ restoration
would not take place for f A " 4 # 1016 GeV, although this was not confirmed with dedicated reheating simulations.

2 For single-field inflationarymodels withH inf < 109 GeV the amount of B-modes from primordial gravitational waves that would be produced at
CMB scales would be unobservable with any conceivable future probe.
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If all species (including DM) are in thermal equilibrium before decoupling:

3

Any topological defects produced after the symmetry is broken are diluted away by inflation and do not contribute to
the axion energy density. In this case, since no large axion perturbations are generated during and after inflation, one
can assume that our current Hubble patch comes from a region with a common initial A/f A , which is denoted as ! i
and is often calledmisalignment angle. In the pre-inflationary scenario the axion abundance depends on both f A and
! i as [11],

! A h2 ! 0.12
!

! i

0.004

" 2 !
f A

1016GeV

" 7/ 6

. (3)

For f A near the typical unification scale of 1016 GeV the axionmass of Eq. (1) is of the order of neV. A large number of
experiments (ALPS [29], CAST [30], ABRACADABRA [31], ADMX [32], CULTASK [33], SHAFT [34], CAPP [35], HAYSTAC
[36], ORGAN [37], QUAX [38]) search for axions across the range 108GeV ! f A ! 1018GeV and several other are
proposed to join the search in the near future (ARIADNE [39], BRASS [40], CASPEr [41], KLASH [42], MADMAX [43],
IAXO [44]). Most experimental e! orts exploit the generically unavoidable coupling between axions and photons; see
[45] for a review. ABRACADABRA (and the futureDMRadioCubicMeter experiment) aswell as CASPEr are of particular
interest for models in which f A is O(1016) GeV as they could probe the axion masses at (DM Radio Cubic Meter) or
near (CASPEr: mA < neV) the range of masses associated with values of f A tied to the scale of grand unification.
In general, values of f A below " few # 108 GeV are excluded by neutrino data from the supernova SN1987A [46, 47].
Values of f A above " 1018GeVhavebeenargued tobe ruledout due to thenon-observationof gravitationalwaves from
axion induced superradiance on black holes [48]. Both limits su! er from astrophysical uncertainties. For instance, the
supernova bound has been questioned in [49].
Since the axion fluctuations generated during inflation in the pre-inflationary scenario are not erased by later pro-

cesses, they can a! ect the Cosmic Microwave Background (CMB) as isocurvature fluctuations in the cosmological
plasma during the radiation era. These are fluctuations in the energy densities " i of di! erent particle species in the
plasma satisfying:

#"i

" i + pi
$=

#"j

" j + pj
, for i $= j, (4)

(see Appendix A for more details). If all species enter thermal equilibrium in the radiation era before decoupling, such
isocurvature fluctuations are absent from the CMB since #"i / (" i + pi ) = (3 / 4)#"i / " i = 3#T/T . In a pre-inflationary
scenario, however, the axions donot reach thermal equilibriumwith the plasma. The axion interactions are suppressed
by inverse powers of f A , and for their rates to become large enough to achieve equilibration T > f A is needed, which
in general would lead to a thermal restoration of the PQ symmetry. Hence, one expects isocurvature fluctations which
are stringently constrained by theCMBdata fromPlanck [50]. Treating the axion asmassless, assuming its fluctuations
freeze at horizon crossing during inflation and allowing for the value of f A during inflation (f A, inf ) to be di! erent from
that corresponding to the minimum of the axion potential, the CMB isocurvature constraint can be written as follows
(see the discussion in Section III)

!
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" 2 !
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1016 GeV

" ! 2

! 1. (5)

In general, it is assumed that f A, inf = f A , so that the isocurvature bound can be avoided if the inflationary Hubble
scale Hinf is su" ciently small. This requires Hinf < 109 GeV, for f A > 1016 GeV. Such a value of Hinf is very small. In
particular, it is at odds with simple large-fieldmodels, e.g. such as those featuring an inflatonwith a flattened potential
due to a coupling to the Ricci scalar (see e.g. [51] as an example of such a non-minimal quartic chaotic inflationmodel),
for which typical values ofHinf are above 1013 GeV. 2
At face value, the bound of Eq. (5) implies that pre-inflationary axion darkmatter scenarios, including those inspired

by grandunification, are incompatiblewith standard (high-scale) inflation. Possibleways to avoid this stringent isocur-
vature bound have been proposed in the literature. For example, as is clear from Eq. (5), taking f A, inf % f A can help
suppressing isocurvature fluctuations, and this can be achieved if the axion is embedded into a complex scalar whose
modulus drives inflation with f A, inf " M P [52–54]. In this case, the isocurvature bound can be satisfied withHinf and
f A around 1013 GeV. The SMASHmodel [53, 55] is a particular example of an axion embedded into the inflaton. It was
shown in [53] that CMB isocurvature fluctuations are suppressed in SMASH if f A ! 1014 GeV. However, even for these
values of f A the PQ symmetry is restored in this model during preheating, and it was concluded in [53] that there was
no room for viable PQ breaking before or during inflation. In fact, in Ref. [53] it was argued that the PQ restoration
would not take place for f A " 4 # 1016 GeV, although this was not confirmed with dedicated reheating simulations.

2 For single-field inflationarymodels withH inf < 109 GeV the amount of B-modes from primordial gravitational waves that would be produced at
CMB scales would be unobservable with any conceivable future probe.
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Ð a time-dependent axion mass
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Ð a non-trivial reheating process
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Adapted from Liddle and Leach, 2003
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where aend is the value of the scale factor at the end of
inßation and ak is its value when the scalek equalledaH
during inßation.2 We will use Nhor to indicate N (a0H0).

To determine the number of e-foldings corresponding
to a scale measured in terms of the present Hubble scale,
we need a complete model for the history of the Uni-
verse. At least from nucleosynthesis onwards, this is now
well in place, but at earlier epochs there are consider-
able uncertainties. At this stage, we make the following
simple assumptions for the sequence of events after inßa-
tion, considering possible alternatives in the next section.
We assume that inßation is followed by a period of re-
heating, during which the Universe expands as matter
dominated (this assumption is not true in all models Ñ
see subsection II C). This then gives way to a period of
radiation domination, which according to the Standard
Cosmological Model lasts until a redshift of a few thou-
sand before giving way to matter domination, and then
Þnally at a redshift below one to a cosmological constant
or quintessence dominated era. We assume sudden tran-
sitions between these epochs, labelling the end of the re-
heating period by ÔrehÕ and the matterÐradiation equality
epoch by ÔeqÕ. This is illustrated in Figure 1.

We can therefore write

k
a0H0

=
ak Hk

a0H0
= e! N (k) aend

areh

areh

aeq

Hk

Heq

aeqHeq

a0H0
(2)

Some useful factors are (see e.g. Ref. [4])

aeqHeq

a0H0
= 219 ! 0h ; (3)

Heq = 5 .25! 106 h3 ! 2
0H0 ; (4)

H0 = 1 .75! 10! 61 h mPl with h " 0.7 (5)

Using the slow-roll approximation during inßation to
write H 2

k " 8! Vk / 3m2
Pl , we obtain

N (k) = # ln
k

a0H0
+

1
3

ln
" reh

" end
+

1
4

ln
" eq

" reh

+ ln

!
8! Vk

3m2
Pl

1
Heq

+ ln 219! 0h . (6)

which agrees with Refs. [4, 5] while being more precise
about the prefactor. In fact ultimately the dependence
on the matter density ! 0 will cancel out, and though a
dependence onh remains this parameter is now accu-
rately determined by observations.

2 As discussed by Liddle, Parsons and Barrow [3], it makes more
logical sense to deÞne the amount of inßation as the ratio of aH ,
rather than a. More on that later; for now we follow the standard
usage.
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FIG. 1: A plot of ln( H ! 1/a ) versus ln a shows the di! erent
epochs in thee-foldings calculation. The solid curve shows the
evolution from the initial horizon crossing to the present, with
the dashed lines showing likely extrapolations into the pas t
and future. The condition for inßation is that ln( H ! 1/a ) be
decreasing. Lines of constant Hubble parameter (not shown)
lie at 45 degrees (running top left to bottom right). The limi t
of exponential inßation gives a line at this angle, otherwis e
the inßation line is shallower. During reheating and matter
domination H ! 1/a ! a1/ 2, while during radiation domina-
tion H ! 1/a ! a. The recent domination by dark energy has
initiated a new era of inßation. The horizontal dotted line
indicates the present horizon scale. The number of e-foldings
of inßation is the horizontal distance between the time when
H ! 1/a Þrst crosses that value and the end of inßation.

A. A plausible upper limit

The evolution of the Universe as described above is a
plausible model for its entire history. Nevertheless, there
are signiÞcant uncertainties in applying Eq. (6). Vk is
a quantity we would hope to extract from the perturba-
tions, but presently only upper limits exist, as the density
perturbation amplitude depends on a combination of the
potential and its slope, being unable to constrain either
separately. Detection of primordial gravitational waves,
which so far has not been achieved, is needed to break
this degeneracy. We do not know how prolonged the re-
heating epoch might be, which is needed to determine
" reh , nor how much lower the energy density" end at the
end of inßation might be as compared toVk .

Nevertheless, we can impose a plausible maximum
on the number of e-foldings by making an assumption,
namely that there is no signiÞcant drop in energy density
during these last stages of inßation, so thatVk = " end .
Note however that this is not the correct way to maximize
Eq. (6), a topic we return to in subsection II D, and so is
a non-trivial assumption. Having made it, the inßation
line in Figure 1 lies at 45 degrees, and we can maximize
the number of e-foldings by assuming that reheating is
instantaneous, so that" reh = " end . Focussing now on the
current horizon scale, this gives a maximum number of

<latexit sha1_base64="M69QB0492JVkXyt+7LGQVyFk6L4=">AAACBnicbVDLSgMxFM3UV62vqksRgkWoC8tMBXVZdOOygn1AO5RMeqcNzSRDkhFL6cqNv+LGhSJu/QZ3/o2ZtgttPRA4nHMPufcEMWfauO63k1laXlldy67nNja3tnfyu3t1LRNFoUYll6oZEA2cCagZZjg0YwUkCjg0gsF16jfuQWkmxZ0ZxuBHpCdYyCgxVurkD+E0lLyrcZFEMhEGyxDDQ0xEmjjp5AtuyZ0ALxJvRgpohmon/9XuSppEIAzlROuW58bGHxFlGOUwzrUTDTGhA9KDlqWCRKD90eSMMT62SheHUtlnN5movxMjEmk9jAI7GRHT1/NeKv7ntRITXvojJuLEgKDTj8KEYyNx2gnuMgXU8KElhCpmd8W0TxShxjaXsyV48ycvknq55J2Xzm7LhcrVrI4sOkBHqIg8dIEq6AZVUQ1R9Iie0St6c56cF+fd+ZiOZpxZZh/9gfP5A1pjmGw=</latexit>

e-folds (amount of expansion)
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Isocurvature perturbations in the pre-inßationary scenario  
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! O(10) correction to isocurvature bound
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axion being massive during and ßuctuations not freezing during inßation
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growth of ßuctuations during reheating !
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suggests anO(! 10) correction to isocurvature bound
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FIG. 4: Upper plot: Variance of the angular variable in Model 1 as a function of conformal time! for 9 di! erent values off A , and
with " = 1 .27 ! 10! 11 , " H ! = 10 ! 6. The simulations were done forL = 14848, N = 64 and a timestep! ! = 0 .0005. Lower
plot: Growth of the relative energy density in the SM bath at early times," SM = #SM / #, for the same choices of parameters. For
f A ! 1016 GeV the values of" SM remain well below the range of the vertical axis of the plot.

taking a = 1 and assumingx ! 1 one gets a Mathieu equation for! ! ,

d2

dz2 ! ! (z) +

!
4|k |2

m2
r

" 4x cos 2z

"

! ! (z) = 0 , z =
mr t

2
. (58)

This equation has narrow resonance bands, the wider of which corresponds to an exponential growth! ! #
exp(xmr t/ 2). The expansion of the universe, which was ignored in the previous arguments, causes a redshifting of
the amplitude of oscillation x, and the resonance will only be e! ective if the growth ratexmr is above the Hubble con-
stant [76]. Hence, if the Þeld gets trapped in the minimum early on, with a small amplitude of oscillation, there will
be no resonant growth of perturbations in ! ! . This e! ect seems to be indeed behind the failure of the PQ restoration
for f A > 2 $ 1017 GeV seen in Fig.4. To illustrate this, in Fig. 5 we show the lattice average of! r at early times for
three values off A . For f A = 1015 GeV the Þeld keeps going through oscillations that cross the origin, and remains in
the quartic regime with exponential growth of perturbations. For f A = 2 $ 1017 GeV the Þeld settles into a minimum
after around 10 crossings of the origin, while forf A = 5 $ 1017 GeV the background undergoes just 4 crossings before
quickly settling into a minimum. We have checked thatxmr /H drops below 1 in the latter simulation for " " 150,
whereas it stays much larger than 1 forf A = 1017 GeV. Finally, let us note that when the Þeld settles into a minimum
and the perturbations decay the e! ective Higgs mass of Eq. (56) goes to zero, so that Higgs production and its subse-
quent decay into SM radiation become allowed. This explains the growth of! SM seen in the lower plot of Fig.4 for
f A > 2 $ 1017 GeV, and why the SM particle production is faster for largerf A for which the background settles faster
around the minimum.

We thus conclude that avoiding the restoration of the PQ symmetry in Model 1 requiresf A " 2 $ 1017 GeV. This is
one order of magnitude above the value estimated in Ref. [53].

GB, Ringwald, Tamarit, Welling, 2021 

<latexit sha1_base64="u0IP5ZnetIVPi/pEaEO7Lz5Zn40=">AAACGHicbVDLTsJAFJ3iC/FVdelmFExcGGwxEZdEF7qERB4JRTIdbmHCtNPMTE1Iw2e48VfcuNAYt+z8Gwt0oeBZnZxzb+65xw05U9qyvo3Myura+kZ2M7e1vbO7Z+4fNJSIJIU6FVzIlksUcBZAXTPNoRVKIL7LoekOb6d+8wmkYiJ40KMQOj7pB8xjlOhE6poX1RpmCktQWkjoYU9IXPC6xOGglGI+tq3H2C6PC/gOGs75cdfMW0VrBrxM7JTkUYpq15w4PUEjHwJNOVGqbVuh7sREakY5jHNOpCAkdEj60E5oQHxQnXj22BifJso8kycCjWfq742Y+EqNfDeZ9IkeqEVvKv7ntSPtXXdiFoSRhoDOD3kRx1rgaUu4xyRQzUcJIVSyJCumAyIJ1UmXuaQEe/HlZdIoFe2r4mWtlK/cpHVk0RE6QWfIRmVUQfeoiuqIomf0it7Rh/FivBmfxtd8NGOkO4foD4zJD02ungc=</latexit>

PQ is restored for f a ! 1017 GeV !
1
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For f a > 2 ! 1017 GeV : too much isocurvature
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caveats:
<latexit sha1_base64="5miQb5XDs8emiqBbtstqG2pTso4=">AAACG3icbVDLSgMxFM3UV62vqks3wSK4KjMV1GVpN26ECvYBbSl30jttaGYyJBlpKf0PN/6KGxeKuBJc+Demj4W2Hggczrk3yTl+LLg2rvvtpNbWNza30tuZnd29/YPs4VFNy0QxrDIppGr4oFHwCKuGG4GNWCGEvsC6PyhP/foDKs1ldG9GMbZD6EU84AyMlTrZggDVQ4pDoyCWYqbSQMmQWm44Q+rLITWSlm9LVDMQqDvZnJt3Z6CrxFuQHFmg0sl+trqSJSFGhgnQuum5sWmPQdn7BU4yrURjDGwAPWxaGkGIuj2eZZvQM6t0aSCVPZGhM/X3xhhCrUehbydDMH297E3F/7xmYoLr9phHcWIwYvOHgkRMs06Lol2ukBkxsgSY4vavlPVBATO2zowtwVuOvEpqhbx3mb+4K+SKpUUdaXJCTsk58cgVKZIbUiFVwsgjeSav5M15cl6cd+djPppyFjvH5A+crx+0j6Et</latexit>

large extrapolation from lattice box to CMB scales
<latexit sha1_base64="fCMenVzqLmhGh/L2p0N/EQUNiv0=">AAAB/3icbVA9SwNBEN2LXzF+nQo2NotBsAp3EdQyaGMZwXxAcoS9zV6yZHfv2J0TQkzhX7GxUMTWv2Hnv3FzuUITHww83pthZl6YCG7A876dwsrq2vpGcbO0tb2zu+fuHzRNnGrKGjQWsW6HxDDBFWsAB8HaiWZEhoK1wtHNzG89MG14rO5hnLBAkoHiEacErNRzj1SMJQPNKY5ESiHNdNNzy17Fy4CXiZ+TMspR77lf3X5MU8kUUEGM6fheAsGEaOBUsGmpmxqWEDoiA9axVBHJTDDJ7p/iU6v0cRRrWwpwpv6emBBpzFiGtlMSGJpFbyb+53VSiK6CCVdJCkzR+aIoFRhiPAsD97lmFMTYEkI1t7diOiSaULCRlWwI/uLLy6RZrfgXlfO7arl2ncdRRMfoBJ0hH12iGrpFddRAFD2iZ/SK3pwn58V5dz7mrQUnnzlEf+B8/gBS25ZP</latexit>

no metric ßuctuations

<latexit sha1_base64="bCGUc9ruPyhA7NKpthbBCsRWz1o=">AAACC3icbVC9TsMwGHTKXyl/AUYWqy0SU5UUqTBWsDAWibRIbVQ5jtNadezIdpCqqDsLr8LCAEKsvAAbb4ObZoCWkyyd7u7T5++ChFGlHefbKq2tb2xulbcrO7t7+wf24VFXiVRi4mHBhLwPkCKMcuJpqhm5TyRBccBIL5hcz/3eA5GKCn6npwnxYzTiNKIYaSMN7aqXQC1gfaBoDFt1KGRo0lBEMA/qNCRDu+Y0nBxwlbgFqYECnaH9NQgFTmPCNWZIqb7rJNrPkNQUMzKrDFJFEoQnaET6hnIUE+Vn+S0zeGqUEEZCmsc1zNXfExmKlZrGgUnGSI/VsjcX//P6qY4u/YzyJNWE48WiKGXz6+fFwJBKgjWbGoKwpOavEI+RRFibQiqmBHf55FXSbTbcVuP8tllrXxV1lMEJqIIz4IIL0AY3oAM8gMEjeAav4M16sl6sd+tjES1Zxcwx+APr8wfaNJmy</latexit>

Up to ⇠ 6 orders of magnitude

<latexit sha1_base64="P7oqhZMYhlp6kEcTkNsUL7/hxFg=">AAACA3icbVDLSgMxFL3js9bXqDvdBIvgxjJTQV0W3bisYB/QDiWTZtrQTDIkGWEoBTf+ihsXirj1J9z5N6btLLT1wOUezrmX5J4w4Uwbz/t2lpZXVtfWCxvFza3tnV13b7+hZaoIrRPJpWqFWFPOBK0bZjhtJYriOOS0GQ5vJn7zgSrNpLg3WUKDGPcFixjBxkpd9zCR2pwxEfGpgFWGNKG2M9l1S17ZmwItEj8nJchR67pfnZ4kaUyFIRxr3fa9xAQjrAwjnI6LnVTTBJMh7tO2pQLHVAej6Q1jdGKVHoqksiUMmqq/N0Y41jqLQzsZYzPQ895E/M9rpya6CkZMJKmhgsweilKOjESTQFCPKUoMzyzBRDH7V0QGWGFibGxFG4I/f/IiaVTK/kX5/K5Sql7ncRTgCI7hFHy4hCrcQg3qQOARnuEV3pwn58V5dz5mo0tOvnMAf+B8/gCobJgs</latexit>

post-inßationary scenario
<latexit sha1_base64="qBgDbyTfmtGjhfLxW7FQLpkdpw4="></latexit>

⌦a & ⌦DM

✓
fa

2⇥ 1011 GeV

◆7/6

<latexit sha1_base64="zy+BKiNTGICb4yY0k1Mbua2e8Wk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGUPEU9OIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c381hMqzWP5YMYJ+hEdSB5yRo2V6je9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe5fli3qlVL3N4sjDCZzCOXhwBVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD4o9jMQ=</latexit>:



Conclusions, QCD axion

<latexit sha1_base64="++QfwvLhL+jVEoE0+9LeeCJwOBE="></latexit>

Well-motivated DM candidate. Arises solving the strong CP problem.

<latexit sha1_base64="CA4tcOpJAnVlTg/ltsGNtFIYOzs=">AAACKXicbVDLSgMxFM34tr6qLt0Ei+BCy0wVdVl041LBPqBTSya9bYPJzJDcEcvQ33Hjr7hRUNStP2LaDqjVA4GTc84luSeIpTDouu/O1PTM7Nz8wmJuaXlldS2/vlE1UaI5VHgkI10PmAEpQqigQAn1WANTgYRacHM29Gu3oI2Iwivsx9BUrBuKjuAMrdTKl6nnXqf7Xmng71Ef4Q5TqA6oL8EYIxRVLfZ9ybK/oq18wS26I9C/xMtIgWS4aOWf/XbEEwUhcsmMaXhujM2UaRRcwiDnJwZixm9YFxqWhkyBaaajTQd0xypt2om0PSHSkfpzImXKmL4KbFIx7JlJbyj+5zUS7Jw0UxHGCULIxw91EkkxosPaaFto4Cj7ljCuhf0r5T2mGUdbbs6W4E2u/JdUS0XvqHhweVgon2Z1LJAtsk12iUeOSZmckwtSIZzck0fyQl6dB+fJeXM+xtEpJ5vZJL/gfH4BwcClLA==</latexit>

10�12 eV . ma . 10�1 eV

<latexit sha1_base64="o2MMEP3d0hqLOzuRb+scAT8MF94="></latexit>

Two mechanisms can contribute to axion DM in the early universe:

<latexit sha1_base64="jXSUxr3uq0aLR1iC7eBnbXXH+qg=">AAACEHicbVDLSgMxFM3UV62vUZdugq3oxjJTQcVV0Y3LCvYBbSmZzJ02NJMMSUYopZ/gxl9x40IRty7d+Temj4W2Hkg4nHMvyTlBwpk2nvftZJaWV1bXsuu5jc2t7R13d6+mZaooVKnkUjUCooEzAVXDDIdGooDEAYd60L8Z+/UHUJpJcW8GCbRj0hUsYpQYK3Xc40Rqc8pExCcCGVzhEBIQocZS8IG9cCHukELHzXtFbwK8SPwZyaMZKh33qxVKmsYgDOVE66bvJaY9JMowymGUa6UaEkL7pAtNSwWJQbeHk0AjfGSVEEdS2SMMnqi/N4Yk1noQB3YyJqan572x+J/XTE102R4ykaQGBJ0+FKUcG4nH7eCQKaDG5g4ZoYrZv2LaI4pQYzvM2RL8+ciLpFYq+ufFs7tSvnw9qyOLDtAhOkE+ukBldIsqqIooekTP6BW9OU/Oi/PufExHM85sZx/9gfP5A+hnnHk=</latexit>

post-inßationay: depends only onma

<latexit sha1_base64="W6TPYgRnVfGhWcmCLhmhX6fT45k="></latexit>

pre-inßationay: ! a depends on! i ! (0, " ) and ma

<latexit sha1_base64="y2sBKlc4E6pFNZIQrKKy/fDJArg=">AAAB/nicbVBNSwMxFMzWr1q/VsWTl2ARPJXdCiqeil70VsG2QruUbPq2DU2yS5IVylLwr3jxoIhXf4c3/41puwdtHQgMM294LxMmnGnjed9OYWl5ZXWtuF7a2Nza3nF395o6ThWFBo15rB5CooEzCQ3DDIeHRAERIYdWOLye+K1HUJrF8t6MEggE6UsWMUqMlbruwa00oEAbJvs4UbHNCX3ZdctexZsCLxI/J2WUo951vzq9mKYCpKGcaN32vcQEGVGGUQ7jUifVkBA6JH1oWyqJAB1k0/PH+NgqPRzFyj5p8FT9nciI0HokQjspiBnoeW8i/ue1UxNdBBmTSWpA0tmiKOXYxHjSBe4xBdTwkSWEKmZvxXRAFKG2El2yJfjzX14kzWrFP6uc3lXLtau8jiI6REfoBPnoHNXQDaqjBqIoQ8/oFb05T86L8+58zEYLTp7ZR3/gfP4AczaVzQ==</latexit>

Interesting problems:
<latexit sha1_base64="kfdcTTWUlsIaWTpn28uD4VS9Ecs=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5JUUJdFNy4r2Ae0odxMJu3QySTMQ6ylX+LGhSJu/RR3/o3TNgttPXC5h3PuZe6cMONMac/7dgpr6xubW8Xt0s7u3n7ZPThsqdRIQpsk5anshKAoZ4I2NdOcdjJJIQk5bYejm5nffqBSsVTc63FGgwQGgsWMgLZS3y3Do+0YQiMiEIT23YpX9ebAq8TPSQXlaPTdr16UEpNQoQkHpbq+l+lgAlIzwum01DOKZkBGMKBdSwUkVAWT+eFTfGqVCMeptCU0nqu/NyaQKDVOQjuZgB6qZW8m/ud1jY6vggkTmdFUkMVDseFYp3iWAo6YpETzsSVAJLO3YjIECUTbrEo2BH/5y6ukVav6F9Xzu1qlfp3HUUTH6ASdIR9dojq6RQ3URAQZ9Ixe0Zvz5Lw4787HYrTg5DtH6A+czx/AbJMn</latexit>

axion abundance
<latexit sha1_base64="rT04/OzpA9H9Lx4HnyWsXtP+8KU=">AAACD3icbVDLSgMxFM34rPU16tJNsCh1U2YqqMuiG5cV7APaUjKZ2zY0kwxJplCG/oEbf8WNC0XcunXn35i2s9DWA4HDOfcmOSeIOdPG876dldW19Y3N3FZ+e2d3b989OKxrmSgKNSq5VM2AaOBMQM0ww6EZKyBRwKERDG+nfmMESjMpHsw4hk5E+oL1GCXGSl33jGlJEzUiJlGAA5mIUONiJEPgOIQYRAiCwnnXLXglbwa8TPyMFFCGatf9aof24giEoZxo3fK92HRSogyjHCb5dqIhJnRI+tCyVJAIdCed5ZngU6uEuCeVPcLgmfp7IyWR1uMosJMRMQO96E3F/7xWYnrXnZSJODE21vyhXsKxkXhaDg6ZAmr42BJCFbN/xXRAFKHGVpi3JfiLkZdJvVzyL0sX9+VC5SarI4eO0QkqIh9doQq6Q1VUQxQ9omf0it6cJ+fFeXc+5qMrTrZzhP7A+fwBHuCcsQ==</latexit>

isocurvature bounds (model dependence)


