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Motivation

One of the main goals of String Phenomenology is to make
concrete string models which:

1 Reproduce the esablished low-energy physics (SM, ΛCDM...)
2 Extend the esablished low-energy physics (DM, SUSY, Inflation...)

In particular, we investigate the possibility of realizing ultralight
axion dark matter in the fuzzy regime

m ∼ 10−19 eV, f ∼ 1016 GeV

Helps solving cusp/core and missing satellites problems.
Different behaviour than particle-like dark matter.

Fuzzy DM from string theory also previously studied in
(Cicoli, Guidetti, Righi, Westphal 2110.02964). Here different approach,
large scan, no moduli stabilization, interplay of QCD axion and ALPs.
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The setup

Type II string theory on R1,3 ×X, with X compact CY 3-fold.
Left with a low energy EFT with 8 supercharges. Still too
supersymmetric for phenomenology.
Focus on IIB, with orientifold action allowing for O3/O7 planes.
Typical setup for the flux landscape (GKP ’01. KKLT ’03)

Properties of the CY orientifold fix properties of the low energy 4d
EFT.
In particular, the number of fields we have in the 4d EFT and their
type, will depend on the chosen orientifold.
Known way of constructing orientifolds for a large class of CY
manifolds. (J.Moritz ’23)
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Low energy field content

The orientifold action induces a splitting in cohomology

Hp,q(X) = Hp,q
+ (X)⊕Hp,q

− (X)

hp,q± counts the number of fields in the 4d EFT (Grimm, Louis ’04).

h2,1− complex structure moduli U i.

h1,1− C2 and B2 axions. (DM? Inflation?)

h2,1+ U(1) vector multiplets. (Dark photons?)

h1,1+ Kähler moduli and C4 axions: T a = τa + iθa.

In this talk, we focus on axions θa.

θa :=

∫

Da

C4
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Flowchart on string side
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CY orientifolds

Generically the larger h1,1, the smaller f at tip of KC.
For fuzzy, prefer small h1,1.
In KS h1,1 ∈ [1, 491]. We restrict to h1,1 ∈ [1, 7].
We are exhaustive in scanning all polytopes, all triangulations.
Orientifolds are classified. Turns out that in the chosen h1,1 range:

1 Only 67% of CYs admit an orientifold. (Throw away 1/3 of them)
2 Orientifolds with h1,1− ̸= 0 are rare. 3%
3 Orientifold with h2,1+ ̸= 0 are ubiquitous. 98%

=⇒ fuzzy DM realized from string theory with single
hypersurface CY generically implies dark photons
=⇒ 2-form axions are not generic in the fuzzy axiverse.

Federico Carta (King’s College London) Fuzzy axiverse 24th of October 2024 7 / 23



How many dark photons
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Model building assumptions and schematic procedure

K = −2 log (V) = −2 log

(
1

6
kijktitjtk

)
.

No corrections to K at this stage.
W = W0 +

∑
iAie

−aT . Sum over all prime toric divisors.
W0 = Ai = 1, a = 2π.
This is, euclidean D3s on all prime toric divisors.
Assume absence of 7-branes
Don’t address yet tadpole cancellation and SM sector

V = eK
(
Kab̄DaWDb̄W̄ − 3WW̄

)

Numerically compute (f,m) from the eigenvalues of Kahler metric
Ka,b̄, and the scalar potential V .
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Picking position in the kahler cone

We do not do moduli stabilization. Evaluate masses and decay
constants sampling various points inside the Kahler cone (KC).

Stay in region of perturbative control, vol(Di) =
1

2
kijktjtk > 1.

More practically, safe enough to inside the stretched kahler cone
(EKC). (vol(Ci) > 0).
Identify region that realizes fuzzy axions.
We also want a QCD axion from C4 on a 4-cycle DQCD which
would also wrapped by a stack of D7s.

The UV gauge coupling g2UV ∼ 1

vol(DQCD)
. Need vol(DQCD) ∼ 40

to match observed coupling at Z0 mass scale. =⇒ Look for
regions in the Kahler cone where a divisor has such volume.
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Two models at h1,1 = 2
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The scan

Can’t sample the full EKC for all 500000 geometries in KS with
h1,1 < 11. Restrict to points in a line connecting the tip of the KC
to that of the EKC.
For each model, sample in this line until an axion of mass exactly
m = 10−19 eV is found.
Then check if at least one one prime toric divisor D has
vol(D) ∈ [40− ϵ, 40 + ϵ]

If no, reject model.
If yes, compute masses and decay constants of all h1,1+ axions (not
just the fuzzy one and QCD one).
For QCD axion, compute f from the Kahler metric, but compute m
using chiral perturbation theory result.
Couple of weeks time on a modern laptop =⇒ big space for
optimization (see Andreas Schachner talk)
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Results: decay constants

Decay constants of all axions (not only fuzzy ones) are
approximately 1015 ∼ 1016GeV
This poses the QCD axion at mQCD ∼ 10−9 eV
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Fifteen selected models
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How much DM is produced?

Production mechanism is misalignement:
1 Scalar field stuck in a potential at θ
2 When H < m it starts oscillating.
3 ρ dilutes with a−3 like matter.

No SM sector, no axion-photon couplings
No Primakoff thermal production

Ok approximation for fuzzy mass range, unavoidable thermal
production is small.

For QCD axion the story is a bit different. mQCD(T ). Only
mQCD(0) ∼ 10−9 eV. For this mass, Hosc ∼ 10−11 eV
HBBN ∼ 10−16 eV

Do we overproduce/underproduce?

It depends a lot on
1 θ tuning
2 Pre-reheating cosmology
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Flowchart on cosmo side

m

f

Parameters 
determined by string 

theory

Additional choices

HI

 wreh

Treh

Axions are displaced from the 
potential minimum

H(z)

Derived parameters

The axion oscillates

Cosmological history 
determines the Hubble 

parameter

g 

(m)



Initial conditions 
params

Cosmic history 
params

Stable axion relic 
abundance

Heavy axions decay

Light axions → 
birefringent angle

Fuzzy axions change 
observables compared to 

LCDM

Cl

Axion pressure → 
expansion rate change

Planck anisotropies:
Sachs-Wolfe and 

Silk damping

1e-33 – 1e-28 eV

Boltzmann 
equations

P(k)

BOSS galaxy power

1e-28 – 1e-24 eV

Hubble old galaxies

1e-24 – 1e-22 eV
High res lyman alpha

1e-22 – 1e-20 eV

linear

quasi-linear

Halo 
model

simulation

Inferred observables

De Broglie → 
suppressed clustering

Future

CMB-HD
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JWST
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Abundance
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H
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Hreh
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HBBN
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H0
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Hinf

<latexit sha1_base64="qvLlgVuAs6ZSmN9JQxFyXOF/Hp0="></latexit>

⌦a ⇡ ⌘(greh)

✓
fa

1015.5 GeV

◆2 ✓
3Hreh

10�8 eV

◆1/2 ✓
✓i

10�2

◆2 ✓
ma

3Hreh

◆ 2w
1+w
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Hmre
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w = ?
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wr = 1/3
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Abundance
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H
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<latexit sha1_base64="IzrJg06A1JycMmobcwIt41svxV0=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLzlGMA9IljA7mU2GzGOZ6RXCks/w4kERr36NN//GSbIHTSxoKKq66e6KEsEt+P63V9jY3NreKe6W9vYPDo/Kxydtq1NDWYtqoU03IpYJrlgLOAjWTQwjMhKsE03u537niRnLtXqEacJCSUaKx5wScFKvMcj6RmKu4tmgXPGr/gJ4nQQ5qaAczUH5qz/UNJVMARXE2l7gJxBmxACngs1K/dSyhNAJGbGeo4pIZsNscfIMXzhliGNtXCnAC/X3REaktVMZuU5JYGxXvbn4n9dLIb4NM66SFJiiy0VxKjBoPP8fD7lhFMTUEUINd7diOiaGUHAplVwIwerL66R9VQ1q1drDdaV+l8dRRGfoHF2iAN2gOmqgJmohijR6Rq/ozQPvxXv3PpatBS+fOUV/4H3+AB1OkSo=</latexit>
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1

<latexit sha1_base64="SmThXvzq5NK9tM2Z+eZ3s8GaMvA=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9SIUvXisYNpCG8pmu2mXbjZhd6KU0t/gxYMiXv1B3vw3btsctPXBwOO9GWbmhakUBl3321lZXVvf2CxsFbd3dvf2SweHDZNkmnGfJTLRrZAaLoXiPgqUvJVqTuNQ8mY4vJ36zUeujUjUA45SHsS0r0QkGEUr+U/kmrjdUtmtuDOQZeLlpAw56t3SV6eXsCzmCpmkxrQ9N8VgTDUKJvmk2MkMTykb0j5vW6pozE0wnh07IadW6ZEo0bYUkpn6e2JMY2NGcWg7Y4oDs+hNxf+8dobRVTAWKs2QKzZfFGWSYEKmn5Oe0JyhHFlCmRb2VsIGVFOGNp+iDcFbfHmZNM4rXrVSvb8o127yOApwDCdwBh5cQg3uoA4+MBDwDK/w5ijnxXl3PuatK04+cwR/4Hz+AIULjds=</latexit>

w = 0

<latexit sha1_base64="BeTA1GhrU7oxjYkiQuHBGwx79rI=">AAACBXicbVDLSgMxFM3UV62vUZe6CBbBjWVGpApuim5cVrAP6Awlk95pQzOZIckIZejGjb/ixoUibv0Hd/6NaTsLbT0QOJxzT5J7goQzpR3n2yosLa+srhXXSxubW9s79u5eU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm4nfegCpWCzu9SgBPyJ9wUJGiTZS1z7MPBlhEzmVMAAjij72rnAyMHeOu3bZqThT4EXi5qSMctS79pfXi2kagdCUE6U6rpNoPyNSM8phXPJSBQmhQ9KHjqGCRKD8bLrFGB8bpYfDWJojNJ6qvxMZiZQaRYGZjIgeqHlvIv7ndVIdXvoZE0mqQdDZQ2HKsY7xpBLcYxKo5iNDCJXM/BXTAZGEalNcyZTgzq+8SJpnFbdaqd6dl2vXeR1FdICO0Aly0QWqoVtURw1E0SN6Rq/ozXqyXqx362M2WrDyzD76A+vzB+UemDQ=</latexit>

pre � reheating phase

<latexit sha1_base64="kjT5UJunFckIKncvxkVnQF/onUU=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCKgMlAVQYK1g6Fok+pDZEjuu2Vm0nsh2kKsrCr7AwgBArn8HG3+C2GaDlSFc6Oude3XtPEDGqtON8W7ml5ZXVtfx6YWNza3vH3t1rqjCWmDRwyELZDpAijArS0FQz0o4kQTxgpBWMbid+65FIRUNxr8cR8TgaCNqnGGkj+fZBifvo7KLmJ13JoSTD9OQhOXVT3y46ZWcKuEjcjBRBhrpvf3V7IY45ERozpFTHdSLtJUhqihlJC91YkQjhERqQjqECcaK8ZPpACo+N0oP9UJoSGk7V3xMJ4kqNeWA6OdJDNe9NxP+8Tqz7115CRRRrIvBsUT9mUIdwkgbsUUmwZmNDEJbU3ArxEEmEtcmsYEJw519eJM3zslspV+4ui9WbLI48OARHoARccAWqoAbqoAEwSMEzeAVv1pP1Yr1bH7PWnJXN7IM/sD5/AAFClWk=</latexit>

(ma/3Hreh)�1

<latexit sha1_base64="z98Ah+UcbtueWqTODTqbGHK74g0=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8xV2V6EUIevEYwTwgWcLsZJIMmZ1dZnqVsOQjvHhQxKvf482/cZLsQRMLGoqqbrq7glgKg6777Swtr6yurec28ptb2zu7hb39uokSzXiNRTLSzYAaLoXiNRQoeTPWnIaB5I1geDvxG49cGxGpBxzF3A9pX4meYBSt1Hgi18Q7Pe8Uim7JnYIsEi8jRchQ7RS+2t2IJSFXyCQ1puW5Mfop1SiY5ON8OzE8pmxI+7xlqaIhN346PXdMjq3SJb1I21JIpurviZSGxozCwHaGFAdm3puI/3mtBHtXfipUnCBXbLaol0iCEZn8TrpCc4ZyZAllWthbCRtQTRnahPI2BG/+5UVSPyt55VL5/qJYucniyMEhHMEJeHAJFbiDKtSAwRCe4RXenNh5cd6dj1nrkpPNHMAfOJ8/Z3mOUg==</latexit>

w = 1/3

<latexit sha1_base64="RfrhOGjLk4Hgq2ymkTNs6v8ZQFM="></latexit>

w = �1/5
<latexit sha1_base64="Uj2XI8x5YTBmXpFmsNZHuHFXOhY="></latexit>

w = �1 + ✏

<latexit sha1_base64="4z4RGc74Csg2tzsK6oy2sHpX4PE=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKe6KRC9C0IvHCOYBSQizk9lkyOzsMtOrhCUf4cWDIl79Hm/+jZNkD5pY0FBUddPd5cdSGHTdbye3srq2vpHfLGxt7+zuFfcPGiZKNON1FslIt3xquBSK11Gg5K1Ycxr6kjf90e3Ubz5ybUSkHnAc825IB0oEglG0UvOJXBPvrNIrltyyOwNZJl5GSpCh1it+dfoRS0KukElqTNtzY+ymVKNgkk8KncTwmLIRHfC2pYqG3HTT2bkTcmKVPgkibUshmam/J1IaGjMOfdsZUhyaRW8q/ue1EwyuuqlQcYJcsfmiIJEEIzL9nfSF5gzl2BLKtLC3EjakmjK0CRVsCN7iy8ukcV72KuXK/UWpepPFkYcjOIZT8OASqnAHNagDgxE8wyu8ObHz4rw7H/PWnJPNHMIfOJ8/bAWOVQ==</latexit>

w = 1/6

<latexit sha1_base64="c5OSM04wol+Fdqba2+bisbq/Efo=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4se6K1F6EohePFewHtEvJptk2NJusSVYpS/+EFw+KePXvePPfmLZ70NYHA4/3ZpiZF8ScaeO6387S8srq2npuI7+5tb2zW9jbb2iZKELrRHKpWgHWlDNB64YZTluxojgKOG0Gw5uJ33ykSjMp7s0opn6E+4KFjGBjpdYTukKn3lmlWyi6JXcKtEi8jBQhQ61b+Or0JEkiKgzhWOu258bGT7EyjHA6zncSTWNMhrhP25YKHFHtp9N7x+jYKj0USmVLGDRVf0+kONJ6FAW2M8JmoOe9ifif105MWPFTJuLEUEFmi8KEIyPR5HnUY4oSw0eWYKKYvRWRAVaYGBtR3obgzb+8SBrnJa9cKt9dFKvXWRw5OIQjOAEPLqEKt1CDOhDg8Ayv8OY8OC/Ou/Mxa11yspkD+APn8wfZrI6O</latexit>

w = �1/8

<latexit sha1_base64="yyTSle3LHwIQVP8PYYhi5SuQFsA=">AAACInicbVDLSgMxFM34rPVVdekmWARdWGZEquKm6MZlBatCW0omc6cN5jEkGaEM/RY3/oobF4q6EvwYM9MufF0InHvOudzcEyacGev7H97U9Mzs3Hxpoby4tLyyWllbvzIq1RRaVHGlb0JigDMJLcssh5tEAxEhh+vw9izXr+9AG6bkpR0m0BWkL1nMKLGO6lWOs44WOFHG7mkYgGNlH3dO8I4mESs8eRcpwWTR7bouGbiFo16l6tf8ovBfEExAFU2q2au8dSJFUwHSUk6MaQd+YrsZ0ZZRDqNyJzWQEHpL+tB2UBIBppsVJ47wtmMiHCvtnrS4YL9PZEQYMxShcwpiB+a3lpP/ae3UxkfdjMkktSDpeFGccmwVzvPCEdNALR86QKhm7q+YDogm1LpUyy6E4PfJf8HVfi2o1+oXB9XG6SSOEtpEW2gHBegQNdA5aqIWougePaJn9OI9eE/eq/c+tk55k5kN9KO8zy90LKOh</latexit>

post � reheating (radiation domination) phase
<latexit sha1_base64="yyTSle3LHwIQVP8PYYhi5SuQFsA=">AAACInicbVDLSgMxFM34rPVVdekmWARdWGZEquKm6MZlBatCW0omc6cN5jEkGaEM/RY3/oobF4q6EvwYM9MufF0InHvOudzcEyacGev7H97U9Mzs3Hxpoby4tLyyWllbvzIq1RRaVHGlb0JigDMJLcssh5tEAxEhh+vw9izXr+9AG6bkpR0m0BWkL1nMKLGO6lWOs44WOFHG7mkYgGNlH3dO8I4mESs8eRcpwWTR7bouGbiFo16l6tf8ovBfEExAFU2q2au8dSJFUwHSUk6MaQd+YrsZ0ZZRDqNyJzWQEHpL+tB2UBIBppsVJ47wtmMiHCvtnrS4YL9PZEQYMxShcwpiB+a3lpP/ae3UxkfdjMkktSDpeFGccmwVzvPCEdNALR86QKhm7q+YDogm1LpUyy6E4PfJf8HVfi2o1+oXB9XG6SSOEtpEW2gHBegQNdA5aqIWougePaJn9OI9eE/eq/c+tk55k5kN9KO8zy90LKOh</latexit>

post � reheating (radiation domination) phase

<latexit sha1_base64="DURnA9huSyVlEysH9VIMpbOUyyc=">AAACCHicbVC7SgNBFJ31GdfXqqWFgyFgIWFXJNqIQZt0RjAPyIZldjKbDJmZXWZmlbCktPFXbCwUsfUT7PwbJ49CEw9cOJxzL/feEyaMKu2639bC4tLyympuzV7f2NzadnZ26ypOJSY1HLNYNkOkCKOC1DTVjDQTSRAPGWmE/euR37gnUtFY3OlBQtocdQWNKEbaSIFzUKgEmS85pCIa2oUHeAH9Y3hp+zecdFGAAifvFt0x4DzxpiQPpqgGzpffiXHKidCYIaVanpvodoakppiRoe2niiQI91GXtAwViBPVzsaPDGHBKB0YxdKU0HCs/p7IEFdqwEPTyZHuqVlvJP7ntVIdnbczKpJUE4Eni6KUQR3DUSqwQyXBmg0MQVhScyvEPSQR1iY724Tgzb48T+onRa9ULN2e5stX0zhyYB8cgiPggTNQBhVQBTWAwSN4Bq/gzXqyXqx362PSumBNZ/bAH1ifP+iql2E=</latexit>

⌦a

<latexit sha1_base64="b9LEr+2vHxmINEZAYCucSzlGnwk=">AAACCXicbZC7TsMwFIadcivhFmBksagqMaCSACosiAqWjkWiF6mJIsd1WquOE9kOVRV1ZeFVWBhAiJU3YONtcC8DtPySpU//OUfH5w8SRqWy7W8jt7S8srqWXzc3Nre2d6zdvYaMU4FJHccsFq0AScIoJ3VFFSOtRBAUBYw0g/7tuN58IELSmN+rYUK8CHU5DSlGSlu+BYtVP3NFBCkPR2ZxAK+gewyvzYEvNDonZ75VsEv2RHARnBkUwEw13/pyOzFOI8IVZkjKtmMnysuQUBQzMjLdVJIE4T7qkrZGjiIivWxyyQgWtdOBYSz04wpO3N8TGYqkHEaB7oyQ6sn52tj8r9ZOVXjpZZQnqSIcTxeFKYMqhuNYYIcKghUbakBYUP1XiHtIIKx0eKYOwZk/eREapyWnXCrfnRcqN7M48uAAHIIj4IALUAFVUAN1gMEjeAav4M14Ml6Md+Nj2pozZjP74I+Mzx8PPpa+</latexit>

wr = 1/3

<latexit sha1_base64="A3yPWuAI9slmTqNjReypQYbO9J4=">AAACB3icbZDLSgMxFIYzXut4q7oUJFgKLqTMiFQ3YtFNlxXsBTrDkEkzbWiSGZKMpQzdufFV3LhQxK2v4M63Mb0stPWHwMd/zuHk/GHCqNKO820tLa+srq3nNuzNre2d3fzefkPFqcSkjmMWy1aIFGFUkLqmmpFWIgniISPNsH87rjcfiFQ0Fvd6mBCfo66gEcVIGyvIHxWrQeZJDqmIRnZxAK+gdwqv7UHADTpBvuCUnIngIrgzKICZakH+y+vEOOVEaMyQUm3XSbSfIakpZmRke6kiCcJ91CVtgwJxovxscscIFo3TgVEszRMaTtzfExniSg15aDo50j01Xxub/9XaqY4u/YyKJNVE4OmiKGVQx3AcCuxQSbBmQwMIS2r+CnEPSYS1ic42IbjzJy9C46zklkvlu/NC5WYWRw4cgmNwAlxwASqgCmqgDjB4BM/gFbxZT9aL9W59TFuXrNnMAfgj6/MHFgSWQg==</latexit>

wm = 0

<latexit sha1_base64="0W2iICRCcDYNIpU/N1eCrafweEA="></latexit>⇤(log � log scaling)

<latexit sha1_base64="qvLlgVuAs6ZSmN9JQxFyXOF/Hp0="></latexit>

⌦a ⇡ ⌘(greh)

✓
fa

1015.5 GeV

◆2 ✓
3Hreh

10�8 eV

◆1/2 ✓
✓i

10�2

◆2 ✓
ma

3Hreh

◆ 2w
1+w

<latexit sha1_base64="89YekC+frZ+fIIGejIqTJU//cOY="></latexit>

Hmre

<latexit sha1_base64="nPXEEftnBa+Mx5IXDvl1rIavFoE="></latexit>

< 1

<latexit sha1_base64="4sJ9dRDHfmLg2VUG0y3x5pJ3oOY=">AAAB/nicbVDLSsNAFJ34rPEVFVduBkvBhZREpLoRi266rGAf0IQwmU7aoTOTMDNRSij4K25cKOLW73Dn3zh9LLT1wIXDOfdy7z1RyqjSrvttLS2vrK6tFzbsza3tnV1nb7+pkkxi0sAJS2Q7QoowKkhDU81IO5UE8YiRVjS4HfutByIVTcS9HqYk4KgnaEwx0kYKncNSLcx9ySEV8ch+hFfQP4XXoVN0y+4EcJF4M1IEM9RD58vvJjjjRGjMkFIdz011kCOpKWZkZPuZIinCA9QjHUMF4kQF+eT8ESwZpQvjRJoSGk7U3xM54koNeWQ6OdJ9Ne+Nxf+8TqbjyyCnIs00EXi6KM4Y1AkcZwG7VBKs2dAQhCU1t0LcRxJhbRKzTQje/MuLpHlW9irlyt15sXozi6MAjsAxOAEeuABVUAN10AAY5OAZvII368l6sd6tj2nrkjWbOQB/YH3+AE+bk8k=</latexit>

w = ?

<latexit sha1_base64="E2v3nWmutg1wVo5NvfiXI+laQRQ=">AAAB/XicbVDLSsNAFJ3UV42v+Ni5GSwFVyURqW6EopsuK9gHtCFMppN26MwkzEyUGoq/4saFIm79D3f+jdM2C209cOFwzr3ce0+YMKq0635bhZXVtfWN4qa9tb2zu+fsH7RUnEpMmjhmseyESBFGBWlqqhnpJJIgHjLSDkc3U799T6SisbjT44T4HA0EjShG2kiBc1SuB1lPckhFNLEfAg6voBs4JbfizgCXiZeTEsjRCJyvXj/GKSdCY4aU6npuov0MSU0xIxO7lyqSIDxCA9I1VCBOlJ/Nrp/AslH6MIqlKaHhTP09kSGu1JiHppMjPVSL3lT8z+umOrr0MyqSVBOB54uilEEdw2kUsE8lwZqNDUFYUnMrxEMkEdYmMNuE4C2+vExaZxWvWqnenpdq13kcRXAMTsAp8MAFqIE6aIAmwOARPINX8GY9WS/Wu/Uxby1Y+cwh+APr8wdF9ZPU</latexit>

wm = 0

<latexit sha1_base64="A+6q7xJ5u68Afl06Ecc51Ekfrdc=">AAAB/3icbVDLSgMxFM3UVx1fo4IbN8FScFVnVKoboeimywr2AW0ZMmmmDU0yQ5JRytiFv+LGhSJu/Q13/o1pOwttPXDhcM693HtPEDOqtOt+W7ml5ZXVtfy6vbG5tb3j7O41VJRITOo4YpFsBUgRRgWpa6oZacWSIB4w0gyGNxO/eU+kopG406OYdDnqCxpSjLSRfOegWPXTjuSQinBsP/gSXkHv5Mx3Cm7JnQIuEi8jBZCh5jtfnV6EE06Exgwp1fbcWHdTJDXFjIztTqJIjPAQ9UnbUIE4Ud10ev8YFo3Sg2EkTQkNp+rviRRxpUY8MJ0c6YGa9ybif1470eFlN6UiTjQReLYoTBjUEZyEAXtUEqzZyBCEJTW3QjxAEmFtIrNNCN78y4ukcVryyqXy7Xmhcp3FkQeH4AgcAw9cgAqoghqoAwwewTN4BW/Wk/VivVsfs9aclc3sgz+wPn8AOvOUUA==</latexit>

wr = 1/3

<latexit sha1_base64="LxEQTaRvfdLEhjwTUBlIx0DFig0="></latexit>⇠ p
ma

<latexit sha1_base64="evptNldR8444XY006R4kQG3AAoY="></latexit>

⇠ m0
a

<latexit sha1_base64="PNLn5gSnb72bqtHUcJzvPDfTr7Y="></latexit>O(1)

<latexit sha1_base64="EG9CNYuI4uc2AV139uK7JNrQSis="></latexit>

ma < 3Hmre
<latexit sha1_base64="nDsf0ER+9rtpDKKZiFT3CsanRHc="></latexit>

3Hmre < ma < 3Hreh
<latexit sha1_base64="W/LzSRe7krt96/XsBereC9F54zU="></latexit>

3Hreh < ma

<latexit sha1_base64="ijAmgB0YLKHQDFx97+QKfJ03rts="></latexit>

radiation phase
<latexit sha1_base64="NXzQoLRnd2QbJWzzd0JdU8O8jKc="></latexit>

matter phase
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Abundance

<latexit sha1_base64="BeTA1GhrU7oxjYkiQuHBGwx79rI=">AAACBXicbVDLSgMxFM3UV62vUZe6CBbBjWVGpApuim5cVrAP6Awlk95pQzOZIckIZejGjb/ixoUibv0Hd/6NaTsLbT0QOJxzT5J7goQzpR3n2yosLa+srhXXSxubW9s79u5eU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm4nfegCpWCzu9SgBPyJ9wUJGiTZS1z7MPBlhEzmVMAAjij72rnAyMHeOu3bZqThT4EXi5qSMctS79pfXi2kagdCUE6U6rpNoPyNSM8phXPJSBQmhQ9KHjqGCRKD8bLrFGB8bpYfDWJojNJ6qvxMZiZQaRYGZjIgeqHlvIv7ndVIdXvoZE0mqQdDZQ2HKsY7xpBLcYxKo5iNDCJXM/BXTAZGEalNcyZTgzq+8SJpnFbdaqd6dl2vXeR1FdICO0Aly0QWqoVtURw1E0SN6Rq/ozXqyXqx362M2WrDyzD76A+vzB+UemDQ=</latexit>

pre � reheating phase
<latexit sha1_base64="yyTSle3LHwIQVP8PYYhi5SuQFsA=">AAACInicbVDLSgMxFM34rPVVdekmWARdWGZEquKm6MZlBatCW0omc6cN5jEkGaEM/RY3/oobF4q6EvwYM9MufF0InHvOudzcEyacGev7H97U9Mzs3Hxpoby4tLyyWllbvzIq1RRaVHGlb0JigDMJLcssh5tEAxEhh+vw9izXr+9AG6bkpR0m0BWkL1nMKLGO6lWOs44WOFHG7mkYgGNlH3dO8I4mESs8eRcpwWTR7bouGbiFo16l6tf8ovBfEExAFU2q2au8dSJFUwHSUk6MaQd+YrsZ0ZZRDqNyJzWQEHpL+tB2UBIBppsVJ47wtmMiHCvtnrS4YL9PZEQYMxShcwpiB+a3lpP/ae3UxkfdjMkktSDpeFGccmwVzvPCEdNALR86QKhm7q+YDogm1LpUyy6E4PfJf8HVfi2o1+oXB9XG6SSOEtpEW2gHBegQNdA5aqIWougePaJn9OI9eE/eq/c+tk55k5kN9KO8zy90LKOh</latexit>

post � reheating (radiation domination) phase
<latexit sha1_base64="yyTSle3LHwIQVP8PYYhi5SuQFsA=">AAACInicbVDLSgMxFM34rPVVdekmWARdWGZEquKm6MZlBatCW0omc6cN5jEkGaEM/RY3/oobF4q6EvwYM9MufF0InHvOudzcEyacGev7H97U9Mzs3Hxpoby4tLyyWllbvzIq1RRaVHGlb0JigDMJLcssh5tEAxEhh+vw9izXr+9AG6bkpR0m0BWkL1nMKLGO6lWOs44WOFHG7mkYgGNlH3dO8I4mESs8eRcpwWTR7bouGbiFo16l6tf8ovBfEExAFU2q2au8dSJFUwHSUk6MaQd+YrsZ0ZZRDqNyJzWQEHpL+tB2UBIBppsVJ47wtmMiHCvtnrS4YL9PZEQYMxShcwpiB+a3lpP/ae3UxkfdjMkktSDpeFGccmwVzvPCEdNALR86QKhm7q+YDogm1LpUyy6E4PfJf8HVfi2o1+oXB9XG6SSOEtpEW2gHBegQNdA5aqIWougePaJn9OI9eE/eq/c+tk55k5kN9KO8zy90LKOh</latexit>

post � reheating (radiation domination) phase

<latexit sha1_base64="LxEQTaRvfdLEhjwTUBlIx0DFig0="></latexit>⇠ p
ma

<latexit sha1_base64="evptNldR8444XY006R4kQG3AAoY="></latexit>

⇠ m0
a

<latexit sha1_base64="W/LzSRe7krt96/XsBereC9F54zU="></latexit>

3Hreh < ma

<latexit sha1_base64="ijAmgB0YLKHQDFx97+QKfJ03rts="></latexit>

radiation phase
<latexit sha1_base64="NXzQoLRnd2QbJWzzd0JdU8O8jKc="></latexit>

matter phase

<latexit sha1_base64="h+U8x7cUbn5v1u0OFTFbvgWd+2U=">AAAB9XicbVDLSsNAFJ3UV62vqks3g0Wom5KIVJdFN+6sYB/QxDKZTtKh8wgzE6WE/ocbF4q49V/c+TdO2yy09cCFwzn3cu89YcKoNq777RRWVtfWN4qbpa3tnd298v5BW8tUYdLCkknVDZEmjArSMtQw0k0UQTxkpBOOrqd+55EoTaW4N+OEBBzFgkYUI2OlB5/JuOrfchKjPjrtlytuzZ0BLhMvJxWQo9kvf/kDiVNOhMEMad3z3MQEGVKGYkYmJT/VJEF4hGLSs1QgTnSQza6ewBOrDGAklS1h4Ez9PZEhrvWYh7aTIzPUi95U/M/rpSa6DDIqktQQgeeLopRBI+E0AjigimDDxpYgrKi9FeIhUggbG1TJhuAtvrxM2mc1r16r351XGld5HEVwBI5BFXjgAjTADWiCFsBAgWfwCt6cJ+fFeXc+5q0FJ585BH/gfP4At8+SBQ==</latexit>

log(⌦a)

<latexit sha1_base64="XG/cfewmEzbHU6VvythyElRFgjI=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWAR6qYmKtVl0U2XFewDmhAm00k7dGYSZiZCiV34K25cKOLW33Dn3zhts9DqgQuHc+7l3nvChFGlHefLKiwtr6yuFddLG5tb2zv27l5bxanEpIVjFstuiBRhVJCWppqRbiIJ4iEjnXB0M/U790QqGos7PU6Iz9FA0IhipI0U2AceiwcVHqDT80aQeZJDSYaTk8AuO1VnBviXuDkpgxzNwP70+jFOOREaM6RUz3US7WdIaooZmZS8VJEE4REakJ6hAnGi/Gx2/wQeG6UPo1iaEhrO1J8TGeJKjXloOjnSQ7XoTcX/vF6qoys/oyJJNRF4vihKGdQxnIYB+1QSrNnYEIQlNbdCPEQSYW0iK5kQ3MWX/5L2WdWtVWu3F+X6dR5HERyCI1ABLrgEddAATdACGDyAJ/ACXq1H69l6s97nrQUrn9kHv2B9fAO4NJVJ</latexit>

log(ma/3Hreh)

<latexit sha1_base64="PJUxuPqv/BBtZ925xkJGVnHl8t0=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInmqiUr0IRS8eK9gPaEPYbDft0t0k7G6UGvpLvHhQxKs/xZv/xm2bg1YfDDzem2FmXpBwprTjfFmFpeWV1bXiemljc2u7bO/stlScSkKbJOax7ARYUc4i2tRMc9pJJMUi4LQdjK6nfvueSsXi6E6PE+oJPIhYyAjWRvLt8oOf9aRAcoIukXt86tsVp+rMgP4SNycVyNHw7c9ePyapoJEmHCvVdZ1EexmWmhFOJ6VeqmiCyQgPaNfQCAuqvGx2+AQdGqWPwliaijSaqT8nMiyUGovAdAqsh2rRm4r/ed1UhxdexqIk1TQi80VhypGO0TQF1GeSEs3HhmAimbkVkSGWmGiTVcmE4C6+/Je0TqpurVq7PavUr/I4irAPB3AELpxDHW6gAU0gkMITvMCr9Wg9W2/W+7y1YOUze/AL1sc362iR9w==</latexit>

wr = 1/3

<latexit sha1_base64="B5e7/Xjp6MJu/7C2QaIvGvVUGps=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqV6EohePFewHtEvJptk2NMluk2ylLP0dXjwo4tUf481/Y9ruQVsfDDzem2FmXhBzpo3rfju5tfWNza38dmFnd2//oHh41NBRogitk4hHqhVgTTmTtG6Y4bQVK4pFwGkzGN7N/OaYKs0i+WgmMfUF7ksWMoKNlfynbtpRAokpukFut1hyy+4caJV4GSlBhlq3+NXpRSQRVBrCsdZtz42Nn2JlGOF0WugkmsaYDHGfti2VWFDtp/Ojp+jMKj0URsqWNGiu/p5IsdB6IgLbKbAZ6GVvJv7ntRMTXvspk3FiqCSLRWHCkYnQLAHUY4oSwyeWYKKYvRWRAVaYGJtTwYbgLb+8ShoXZa9Srjxclqq3WRx5OIFTOAcPrqAK91CDOhAYwTO8wpszdl6cd+dj0Zpzsplj+APn8weDMJFK</latexit>

wm = 0

<latexit sha1_base64="xWrq2/HdGl/LbW3NNgw9hiv52OM=">AAACAnicbVDLSgMxFM34rPU16krcBItQN2VGpAoiFN24rGAf0BlKJs20oUlmSDJKGYobf8WNC0Xc+hXu/Bsz7Sy09cCFwzn3JveeIGZUacf5thYWl5ZXVgtrxfWNza1te2e3qaJEYtLAEYtkO0CKMCpIQ1PNSDuWBPGAkVYwvM781j2RikbiTo9i4nPUFzSkGGkjde39B3gJXehdwHLqSQ6H5p3MGR937ZJTcSaA88TNSQnkqHftL68X4YQToTFDSnVcJ9Z+iqSmmJFx0UsUiREeoj7pGCoQJ8pPJyeM4ZFRejCMpCmh4UT9PZEirtSIB6aTIz1Qs14m/ud1Eh2e+ykVcaKJwNOPwoRBHcEsD9ijkmDNRoYgLKnZFeIBkghrk1rRhODOnjxPmicVt1qp3p6Wald5HAVwAA5BGbjgDNTADaiDBsDgETyDV/BmPVkv1rv1MW1dsPKZPfAH1ucPm02VsQ==</latexit>

w = 1 (kinetion)

<latexit sha1_base64="J1ZVQBIvDxBgvXTVJdjT7JlcziU=">AAACDnicbVDLSgMxFM34rPU16tJNsBTqpsyIVEGEohuXFewDOqVk0kwbmmSGJKOUoV/gxl9x40IRt67d+TdmprPQ1gOBk3Pu5d57/IhRpR3n21paXlldWy9sFDe3tnd27b39lgpjiUkThyyUHR8pwqggTU01I51IEsR9Rtr++Dr12/dEKhqKOz2JSI+joaABxUgbqW+XH+AldKB3ASuJJznkSGsi0/8g5FRkVdPjvl1yqk4GuEjcnJRAjkbf/vIGIY45ERozpFTXdSLdS5DUFDMyLXqxIhHCYzQkXUMF4kT1kuycKSwbZQCDUJonNMzU3x0J4kpNuG8qzbojNe+l4n9eN9bBeS+hIoo1EXg2KIgZ1CFMs4EDKgnWbGIIwpKaXSEeIYmwiUQVTQju/MmLpHVSdWvV2u1pqX6Vx1EAh+AIVIALzkAd3IAGaAIMHsEzeAVv1pP1Yr1bH7PSJSvvOQB/YH3+ACxFml0=</latexit>

w = 0 (matter domination)

<latexit sha1_base64="KHPzgamQdZ8pArt+SEzwwZ7nsM4=">AAACBnicbVDLSgMxFM3UV62vUZciBItQN3VGpQqCFN24rGAf0BlKJs20oUlmSDJKGbpy46+4caGIW7/BnX9j2s5CqwcuHM65l3vvCWJGlXacLys3N7+wuJRfLqysrq1v2JtbDRUlEpM6jlgkWwFShFFB6ppqRlqxJIgHjDSDwdXYb94RqWgkbvUwJj5HPUFDipE2UsfedQ+P4QW8N+VA7xyWUk9yqDRSVI0OOnbRKTsTwL/EzUgRZKh17E+vG+GEE6ExQ0q1XSfWfoqkppiRUcFLFIkRHqAeaRsqECfKTydvjOC+UbowjKQpoeFE/TmRIq7UkAemkyPdV7PeWPzPayc6PPNTKuJEE4Gni8KEQR3BcSawSyXBmg0NQVhScyvEfSQR1ia5ggnBnX35L2kcld1KuXJzUqxeZnHkwQ7YAyXgglNQBdegBuoAgwfwBF7Aq/VoPVtv1vu0NWdlM9vgF6yPb6hgliA=</latexit>

1/3 > w > 0 (stasis)

<latexit sha1_base64="evptNldR8444XY006R4kQG3AAoY="></latexit>

⇠ m0
a

<latexit sha1_base64="PdQCKh1isgGZwmLF/n6PQLELQX8=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1eoYJJPq4X674VX8OtEqCnFQgR6Nf/uoNFEkFlZZwbEw38BMbZlhbRjidlnqpoQkmYzykXUclFtSE2fzeKTpzygDFSruSFs3V3xMZFsZMROQ6BbYjs+zNxP+8bmrj6zBjMkktlWSxKE45sgrNnkcDpimxfOIIJpq5WxEZYY2JdRGVXAjB8surpHVRDWrV2v1lpX6Tx1GEEziFcwjgCupwBw1oAgEOz/AKb96j9+K9ex+L1oKXzxzDH3ifP7f0j8c=</latexit>⇠ ma

<latexit sha1_base64="4PKqrSlgvKuw8LbXClN6O/AlQrk=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWAR3FiTItVl0Y3LCvYBTQyT6aQdOjMJMxOhxC78FTcuFHHrb7jzb5y2WWjrgQuHc+7l3nvChFGlHefbKiwtr6yuFddLG5tb2zv27l5LxanEpIljFstOiBRhVJCmppqRTiIJ4iEj7XB4PfHbD0QqGos7PUqIz1Ff0IhipI0U2AeeohzyAN1np9UzjySKsliMA7vsVJwp4CJxc1IGORqB/eX1YpxyIjRmSKmu6yTaz5DUFDMyLnmpIgnCQ9QnXUMF4kT52fT+MTw2Sg9GsTQlNJyqvycyxJUa8dB0cqQHat6biP953VRHl35GRZJqIvBsUZQyqGM4CQP2qCRYs5EhCEtqboV4gCTC2kRWMiG48y8vkla14tYqtdvzcv0qj6MIDsEROAEuuAB1cAMaoAkweATP4BW8WU/Wi/VufcxaC1Y+sw/+wPr8AWsHlb4=</latexit>

⇠ m�2/✏
a

<latexit sha1_base64="BUeC74/nsqDmB44EhNsLt7IID5s=">AAAB/HicbVDLSgMxFM3UV62v0S7dBItQEepMkeqy6MZlBfuAdhwyaaYNTTJDkrEMQ/0VNy4UceuHuPNvTB8LrR64cDjnXu69J4gZVdpxvqzcyura+kZ+s7C1vbO7Z+8ftFSUSEyaOGKR7ARIEUYFaWqqGenEkiAeMNIORtdTv/1ApKKRuNNpTDyOBoKGFCNtJN8u9hTlkPvoPquOz8ru6fhk4tslp+LMAP8Sd0FKYIGGb3/2+hFOOBEaM6RU13Vi7WVIaooZmRR6iSIxwiM0IF1DBeJEedns+Ak8NkofhpE0JTScqT8nMsSVSnlgOjnSQ7XsTcX/vG6iw0svoyJONBF4vihMGNQRnCYB+1QSrFlqCMKSmlshHiKJsDZ5FUwI7vLLf0mrWnFrldrteal+tYgjDw7BESgDF1yAOrgBDdAEGKTgCbyAV+vRerberPd5a85azBTBL1gf3wEtk7g=</latexit>

⇠ m2w/(1+w)
a

<latexit sha1_base64="+7Y+mbaigftZyW4HrIlyB8Q4C84=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfKuMvw==</latexit>

0
<latexit sha1_base64="GMtyvJJT9Rme5OPW7ZJ8UAFAnDg=">AAACCnicdVDLSgMxFM3UV62vUZduokVwVaYPagsuim66rGAf0JYhk962ocnMmGSEMnTtxl9x40IRt36BO//G9AUqeuBeDufcS3KPF3KmtON8WomV1bX1jeRmamt7Z3fP3j9oqCCSFOo04IFseUQBZz7UNdMcWqEEIjwOTW90NfWbdyAVC/wbPQ6hK8jAZ31GiTaSax/nq27ckQLD7QRfYOES0/N4IUoYTlw77WSccsnJl/GcFHJL4uBsxpkhjRaoufZHpxfQSICvKSdKtbNOqLsxkZpRDpNUJ1IQEjoiA2gb6hMBqhvPTpngU6P0cD+QpnyNZ+r3jZgIpcbCM5OC6KH67U3Fv7x2pPulbsz8MNLg0/lD/YhjHeBpLrjHJFDNx4YQKpn5K6ZDIgnVJr2UCWF5Kf6fNHKZbDFTvC6kK5eLOJLoCJ2gM5RF56iCqqiG6oiie/SIntGL9WA9Wa/W23w0YS12DtEPWO9fmaqY/Q==</latexit>

3Heq < ma < 3Hreh
<latexit sha1_base64="4qCzvcoYVsPF7lkq9TFYntv+KWA=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFchaQttQUXRTddVrAPaEOYTCft0JkkzkzEEvIrblwo4tYfceffOH2Bih64cDjnXu69x48Zlcq2P4219Y3Nre3cTn53b//g0DwqdGSUCEzaOGKR6PlIEkZD0lZUMdKLBUHcZ6TrT65nfveeCEmj8FZNY+JyNAppQDFSWvLMAvcQvIRl2PTSgeCQ3GWeWbQtu16zy3W4IJXSitjQsew5imCJlmd+DIYRTjgJFWZIyr5jx8pNkVAUM5LlB4kkMcITNCJ9TUPEiXTT+e0ZPNPKEAaR0BUqOFe/T6SISznlvu7kSI3lb28m/uX1ExXU3JSGcaJIiBeLgoRBFcFZEHBIBcGKTTVBWFB9K8RjJBBWOq68DmH1KfyfdEqWU7WqN5Vi42oZRw6cgFNwDhxwARqgCVqgDTB4AI/gGbwYmfFkvBpvi9Y1YzlzDH7AeP8CgTOTfw==</latexit>

ma < 3Heq

<latexit sha1_base64="fbAUEJ8tTv9e3mBFmB001KV/yxg=">AAACEXicbVDLSgMxFM3UV62vUZdugkWoiGVGpApFKLpxWcE+oDOUTJppQ5PMkGSUMvQX3Pgrblwo4tadO//GdNqFVg8EDuecy809Qcyo0o7zZeUWFpeWV/KrhbX1jc0te3unqaJEYtLAEYtkO0CKMCpIQ1PNSDuWBPGAkVYwvJr4rTsiFY3ErR7FxOeoL2hIMdJG6tqle3gBj114BD0SK8oiAb2qV4Wl1JMcUhGyLDg+7NpFp+xkgH+JOyNFMEO9a396vQgnnAiNGVKq4zqx9lMkNcWMjAteokiM8BD1ScdQgThRfppdNIYHRunBMJLmCQ0z9edEirhSIx6YJEd6oOa9ifif10l0eO6nVMSJJgJPF4UJgzqCk3pgj0qCNRsZgrCk5q8QD5BEWJsSC6YEd/7kv6R5UnYr5crNabF2OasjD/bAPigBF5yBGrgGddAAGDyAJ/ACXq1H69l6s96n0Zw1m9kFv2B9fAPKIZsv</latexit>

w = �1 + ✏ (inflation)
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Abundance

<latexit sha1_base64="b1eQ5b5xDlfVAUBGo2GLuA9aEp8=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELxwhkUcCGzI7NDAyO7uZmTUhG77AiweN8eonefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeT+7nffkKleSQfzDRGP6QjyYecUWOlRq1fLLlldwGyTryMlCBDvV/86g0iloQoDRNU667nxsZPqTKcCZwVeonGmLIJHWHXUklD1H66OHRGLqwyIMNI2ZKGLNTfEykNtZ6Gge0MqRnrVW8u/ud1EzO89VMu48SgZMtFw0QQE5H512TAFTIjppZQpri9lbAxVZQZm03BhuCtvrxOWldlr1KuNK5L1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKELjNc=</latexit>

H

<latexit sha1_base64="0wMQ+sqc1MM4S+FaTgF4nroL8GE=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLzlGMA9IljA7mU2GzGOZ6RXCks/w4kERr36NN//GSbIHTSxoKKq66e6KEsEt+P63V9jY3NreKe6W9vYPDo/Kxydtq1NDWYtqoU03IpYJrlgLOAjWTQwjMhKsE03u537niRnLtXqEacJCSUaKx5wScFKvMcj6RmLDxrNBueJX/QXwOglyUkE5moPyV3+oaSqZAiqItb3ATyDMiAFOBZuV+qllCaETMmI9RxWRzIbZ4uQZvnDKEMfauFKAF+rviYxIa6cycp2SwNiuenPxP6+XQnwbZlwlKTBFl4viVGDQeP4/HnLDKIipI4Qa7m7FdEwMoeBSKrkQgtWX10n7qhrUqrWH60r9Lo+jiM7QObpEAbpBddRATdRCFGn0jF7Rmwfei/fufSxbC14+c4r+wPv8ASBhkSw=</latexit>

Hreh

<latexit sha1_base64="j9Cgj4r+vcliK9f1HX6YKnu6iD0=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR5LvfQkFewHbJeSTbNtaLJZkqxQlv4MLx4U8eqv8ea/MW33oK0PBh7vzTAzL0w408Z1v53CxubW9k5xt7S3f3B4VD4+6WiZKkLbRHKpeiHWlLOYtg0znPYSRbEIOe2Gk7u5332iSjMZP5ppQgOBRzGLGMHGSn5zkPWVQI3G/WxQrrhVdwG0TrycVCBHa1D+6g8lSQWNDeFYa99zExNkWBlGOJ2V+qmmCSYTPKK+pTEWVAfZ4uQZurDKEEVS2YoNWqi/JzIstJ6K0HYKbMZ61ZuL/3l+aqLbIGNxkhoak+WiKOXISDT/Hw2ZosTwqSWYKGZvRWSMFSbGplSyIXirL6+TzlXVq1VrD9eVeiOPowhncA6X4MEN1KEJLWgDAQnP8ApvjnFenHfnY9lacPKZU/gD5/MHei6Qvw==</latexit>

HBBN

<latexit sha1_base64="YLTk1Qh2aAYGX+AOh40lVPLc8jM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseilx4rmLbQhrLZTtulm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJS8epYuizWMSqE1KNgkv0DTcCO4lCGoUC2+Hkfu63n1BpHstHM00wiOhI8iFn1FjJb/Qzd9YvV9yquwBZJ15OKpCj2S9/9QYxSyOUhgmqdddzExNkVBnOBM5KvVRjQtmEjrBrqaQR6iBbHDsjF1YZkGGsbElDFurviYxGWk+j0HZG1Iz1qjcX//O6qRneBhmXSWpQsuWiYSqIicn8czLgCpkRU0soU9zeStiYKsqMzadkQ/BWX14nrauqV6vWHq4r9bs8jiKcwTlcggc3UIcGNMEHBhye4RXeHOm8OO/Ox7K14OQzp/AHzucPiNOOhg==</latexit>

H0

<latexit sha1_base64="IzrJg06A1JycMmobcwIt41svxV0=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLzlGMA9IljA7mU2GzGOZ6RXCks/w4kERr36NN//GSbIHTSxoKKq66e6KEsEt+P63V9jY3NreKe6W9vYPDo/Kxydtq1NDWYtqoU03IpYJrlgLOAjWTQwjMhKsE03u537niRnLtXqEacJCSUaKx5wScFKvMcj6RmKu4tmgXPGr/gJ4nQQ5qaAczUH5qz/UNJVMARXE2l7gJxBmxACngs1K/dSyhNAJGbGeo4pIZsNscfIMXzhliGNtXCnAC/X3REaktVMZuU5JYGxXvbn4n9dLIb4NM66SFJiiy0VxKjBoPP8fD7lhFMTUEUINd7diOiaGUHAplVwIwerL66R9VQ1q1drDdaV+l8dRRGfoHF2iAN2gOmqgJmohijR6Rq/ozQPvxXv3PpatBS+fOUV/4H3+AB1OkSo=</latexit>

Hinf

<latexit sha1_base64="gfDDG5HdC2uj59mXU+2xx3lABwE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqeP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfi+MwA==</latexit>

1

<latexit sha1_base64="BeTA1GhrU7oxjYkiQuHBGwx79rI=">AAACBXicbVDLSgMxFM3UV62vUZe6CBbBjWVGpApuim5cVrAP6Awlk95pQzOZIckIZejGjb/ixoUibv0Hd/6NaTsLbT0QOJxzT5J7goQzpR3n2yosLa+srhXXSxubW9s79u5eU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm4nfegCpWCzu9SgBPyJ9wUJGiTZS1z7MPBlhEzmVMAAjij72rnAyMHeOu3bZqThT4EXi5qSMctS79pfXi2kagdCUE6U6rpNoPyNSM8phXPJSBQmhQ9KHjqGCRKD8bLrFGB8bpYfDWJojNJ6qvxMZiZQaRYGZjIgeqHlvIv7ndVIdXvoZE0mqQdDZQ2HKsY7xpBLcYxKo5iNDCJXM/BXTAZGEalNcyZTgzq+8SJpnFbdaqd6dl2vXeR1FdICO0Aly0QWqoVtURw1E0SN6Rq/ozXqyXqx362M2WrDyzD76A+vzB+UemDQ=</latexit>

pre � reheating phase

<latexit sha1_base64="kjT5UJunFckIKncvxkVnQF/onUU=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCKgMlAVQYK1g6Fok+pDZEjuu2Vm0nsh2kKsrCr7AwgBArn8HG3+C2GaDlSFc6Oude3XtPEDGqtON8W7ml5ZXVtfx6YWNza3vH3t1rqjCWmDRwyELZDpAijArS0FQz0o4kQTxgpBWMbid+65FIRUNxr8cR8TgaCNqnGGkj+fZBifvo7KLmJ13JoSTD9OQhOXVT3y46ZWcKuEjcjBRBhrpvf3V7IY45ERozpFTHdSLtJUhqihlJC91YkQjhERqQjqECcaK8ZPpACo+N0oP9UJoSGk7V3xMJ4kqNeWA6OdJDNe9NxP+8Tqz7115CRRRrIvBsUT9mUIdwkgbsUUmwZmNDEJbU3ArxEEmEtcmsYEJw519eJM3zslspV+4ui9WbLI48OARHoARccAWqoAbqoAEwSMEzeAVv1pP1Yr1bH7PWnJXN7IM/sD5/AAFClWk=</latexit>

(ma/3Hreh)�1

<latexit sha1_base64="yyTSle3LHwIQVP8PYYhi5SuQFsA=">AAACInicbVDLSgMxFM34rPVVdekmWARdWGZEquKm6MZlBatCW0omc6cN5jEkGaEM/RY3/oobF4q6EvwYM9MufF0InHvOudzcEyacGev7H97U9Mzs3Hxpoby4tLyyWllbvzIq1RRaVHGlb0JigDMJLcssh5tEAxEhh+vw9izXr+9AG6bkpR0m0BWkL1nMKLGO6lWOs44WOFHG7mkYgGNlH3dO8I4mESs8eRcpwWTR7bouGbiFo16l6tf8ovBfEExAFU2q2au8dSJFUwHSUk6MaQd+YrsZ0ZZRDqNyJzWQEHpL+tB2UBIBppsVJ47wtmMiHCvtnrS4YL9PZEQYMxShcwpiB+a3lpP/ae3UxkfdjMkktSDpeFGccmwVzvPCEdNALR86QKhm7q+YDogm1LpUyy6E4PfJf8HVfi2o1+oXB9XG6SSOEtpEW2gHBegQNdA5aqIWougePaJn9OI9eE/eq/c+tk55k5kN9KO8zy90LKOh</latexit>

post � reheating (radiation domination) phase
<latexit sha1_base64="yyTSle3LHwIQVP8PYYhi5SuQFsA=">AAACInicbVDLSgMxFM34rPVVdekmWARdWGZEquKm6MZlBatCW0omc6cN5jEkGaEM/RY3/oobF4q6EvwYM9MufF0InHvOudzcEyacGev7H97U9Mzs3Hxpoby4tLyyWllbvzIq1RRaVHGlb0JigDMJLcssh5tEAxEhh+vw9izXr+9AG6bkpR0m0BWkL1nMKLGO6lWOs44WOFHG7mkYgGNlH3dO8I4mESs8eRcpwWTR7bouGbiFo16l6tf8ovBfEExAFU2q2au8dSJFUwHSUk6MaQd+YrsZ0ZZRDqNyJzWQEHpL+tB2UBIBppsVJ47wtmMiHCvtnrS4YL9PZEQYMxShcwpiB+a3lpP/ae3UxkfdjMkktSDpeFGccmwVzvPCEdNALR86QKhm7q+YDogm1LpUyy6E4PfJf8HVfi2o1+oXB9XG6SSOEtpEW2gHBegQNdA5aqIWougePaJn9OI9eE/eq/c+tk55k5kN9KO8zy90LKOh</latexit>

post � reheating (radiation domination) phase

<latexit sha1_base64="DURnA9huSyVlEysH9VIMpbOUyyc=">AAACCHicbVC7SgNBFJ31GdfXqqWFgyFgIWFXJNqIQZt0RjAPyIZldjKbDJmZXWZmlbCktPFXbCwUsfUT7PwbJ49CEw9cOJxzL/feEyaMKu2639bC4tLyympuzV7f2NzadnZ26ypOJSY1HLNYNkOkCKOC1DTVjDQTSRAPGWmE/euR37gnUtFY3OlBQtocdQWNKEbaSIFzUKgEmS85pCIa2oUHeAH9Y3hp+zecdFGAAifvFt0x4DzxpiQPpqgGzpffiXHKidCYIaVanpvodoakppiRoe2niiQI91GXtAwViBPVzsaPDGHBKB0YxdKU0HCs/p7IEFdqwEPTyZHuqVlvJP7ntVIdnbczKpJUE4Eni6KUQR3DUSqwQyXBmg0MQVhScyvEPSQR1iY724Tgzb48T+onRa9ULN2e5stX0zhyYB8cgiPggTNQBhVQBTWAwSN4Bq/gzXqyXqx362PSumBNZ/bAH1ifP+iql2E=</latexit>

⌦a

<latexit sha1_base64="b9LEr+2vHxmINEZAYCucSzlGnwk=">AAACCXicbZC7TsMwFIadcivhFmBksagqMaCSACosiAqWjkWiF6mJIsd1WquOE9kOVRV1ZeFVWBhAiJU3YONtcC8DtPySpU//OUfH5w8SRqWy7W8jt7S8srqWXzc3Nre2d6zdvYaMU4FJHccsFq0AScIoJ3VFFSOtRBAUBYw0g/7tuN58IELSmN+rYUK8CHU5DSlGSlu+BYtVP3NFBCkPR2ZxAK+gewyvzYEvNDonZ75VsEv2RHARnBkUwEw13/pyOzFOI8IVZkjKtmMnysuQUBQzMjLdVJIE4T7qkrZGjiIivWxyyQgWtdOBYSz04wpO3N8TGYqkHEaB7oyQ6sn52tj8r9ZOVXjpZZQnqSIcTxeFKYMqhuNYYIcKghUbakBYUP1XiHtIIKx0eKYOwZk/eREapyWnXCrfnRcqN7M48uAAHIIj4IALUAFVUAN1gMEjeAav4M14Ml6Md+Nj2pozZjP74I+Mzx8PPpa+</latexit>

wr = 1/3

<latexit sha1_base64="A3yPWuAI9slmTqNjReypQYbO9J4=">AAACB3icbZDLSgMxFIYzXut4q7oUJFgKLqTMiFQ3YtFNlxXsBTrDkEkzbWiSGZKMpQzdufFV3LhQxK2v4M63Mb0stPWHwMd/zuHk/GHCqNKO820tLa+srq3nNuzNre2d3fzefkPFqcSkjmMWy1aIFGFUkLqmmpFWIgniISPNsH87rjcfiFQ0Fvd6mBCfo66gEcVIGyvIHxWrQeZJDqmIRnZxAK+gdwqv7UHADTpBvuCUnIngIrgzKICZakH+y+vEOOVEaMyQUm3XSbSfIakpZmRke6kiCcJ91CVtgwJxovxscscIFo3TgVEszRMaTtzfExniSg15aDo50j01Xxub/9XaqY4u/YyKJNVE4OmiKGVQx3AcCuxQSbBmQwMIS2r+CnEPSYS1ic42IbjzJy9C46zklkvlu/NC5WYWRw4cgmNwAlxwASqgCmqgDjB4BM/gFbxZT9aL9W59TFuXrNnMAfgj6/MHFgSWQg==</latexit>

wm = 0

<latexit sha1_base64="0W2iICRCcDYNIpU/N1eCrafweEA="></latexit>⇤(log � log scaling)

<latexit sha1_base64="89YekC+frZ+fIIGejIqTJU//cOY="></latexit>

Hmre

<latexit sha1_base64="nPXEEftnBa+Mx5IXDvl1rIavFoE="></latexit>

< 1

<latexit sha1_base64="E2v3nWmutg1wVo5NvfiXI+laQRQ=">AAAB/XicbVDLSsNAFJ3UV42v+Ni5GSwFVyURqW6EopsuK9gHtCFMppN26MwkzEyUGoq/4saFIm79D3f+jdM2C209cOFwzr3ce0+YMKq0635bhZXVtfWN4qa9tb2zu+fsH7RUnEpMmjhmseyESBFGBWlqqhnpJJIgHjLSDkc3U799T6SisbjT44T4HA0EjShG2kiBc1SuB1lPckhFNLEfAg6voBs4JbfizgCXiZeTEsjRCJyvXj/GKSdCY4aU6npuov0MSU0xIxO7lyqSIDxCA9I1VCBOlJ/Nrp/AslH6MIqlKaHhTP09kSGu1JiHppMjPVSL3lT8z+umOrr0MyqSVBOB54uilEEdw2kUsE8lwZqNDUFYUnMrxEMkEdYmMNuE4C2+vExaZxWvWqnenpdq13kcRXAMTsAp8MAFqIE6aIAmwOARPINX8GY9WS/Wu/Uxby1Y+cwh+APr8wdF9ZPU</latexit>

wm = 0

<latexit sha1_base64="A+6q7xJ5u68Afl06Ecc51Ekfrdc=">AAAB/3icbVDLSgMxFM3UVx1fo4IbN8FScFVnVKoboeimywr2AW0ZMmmmDU0yQ5JRytiFv+LGhSJu/Q13/o1pOwttPXDhcM693HtPEDOqtOt+W7ml5ZXVtfy6vbG5tb3j7O41VJRITOo4YpFsBUgRRgWpa6oZacWSIB4w0gyGNxO/eU+kopG406OYdDnqCxpSjLSRfOegWPXTjuSQinBsP/gSXkHv5Mx3Cm7JnQIuEi8jBZCh5jtfnV6EE06Exgwp1fbcWHdTJDXFjIztTqJIjPAQ9UnbUIE4Ud10ev8YFo3Sg2EkTQkNp+rviRRxpUY8MJ0c6YGa9ybif1470eFlN6UiTjQReLYoTBjUEZyEAXtUEqzZyBCEJTW3QjxAEmFtIrNNCN78y4ukcVryyqXy7Xmhcp3FkQeH4AgcAw9cgAqoghqoAwwewTN4BW/Wk/VivVsfs9aclc3sgz+wPn8AOvOUUA==</latexit>

wr = 1/3

<latexit sha1_base64="mfMX3h6sAxuw70sSohMZ5Y8ZXXM="></latexit>

w2 = ?

<latexit sha1_base64="PnSmrV5zLMdgwhdZmmQzNZ94PsY="></latexit>

w1 = ?

<latexit sha1_base64="RVgcr7MmWGmP2eFpCFXtsPtXSBM="></latexit>

⌦a ⇡ ⌘(greh)

✓
fa

1015.5 GeV

◆2 ✓
3Hreh

10�8 eV

◆1/2 ✓
✓i

10�2

◆2 ✓
ma

3Hreh

◆ 2w1
1+w1
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Conclusions and future directions

Summarizing the results: Summarizing the results:
Fuzzy in KS =⇒ must deal with dark photons.
Can rse two. Generically have axions with m > mQCD. Without
tuning misalignement angles they overclose if they start oscillating
in w = 1/3 era.
Propose oscillation in w = −1 scenarios to have right abundance.

For the future: For the future:
Implement moduli stabilization.
Check if the EFT is under control.
Scan over more parameters.
How dark photons change the story?
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The end

Thanks for the attention.
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Comparing with observations
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