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Fig. 21. Left: Constraints on the tensor-to-scalar ratio r0.002 in the ⇤CDM model, using Planck TT+lowP and Planck
TT+lowP+lensing+BAO+JLA+H0 (red and blue, respectively) assuming negligible running and the inflationary consistency rela-
tion. The result is model-dependent; for example, the grey contours show how the results change if there were additional relativistic
degrees of freedom with �Ne↵ = 0.39 (disfavoured, but not excluded, by Planck). Dotted lines show loci of approximately con-
stant e-folding number N, assuming simple V / (�/mPl)p single-field inflation. Solid lines show the approximate ns–r relation for
quadratic and linear potentials to first order in slow roll; red lines show the approximate allowed range assuming 50 < N < 60 and
a power-law potential for the duration of inflation. The solid black line (corresponding to a linear potential) separates concave and
convex potentials. Right: Equivalent constraints in the ⇤CDM model when adding B-mode polarization results corresponding to the
default configuration of the BICEP2/Keck Array+Planck (BKP) likelihood. These exclude the quadratic potential at a higher level
of significance compared to the Planck-alone constraints.

limited by cosmic variance of the dominant scalar anisotropies,
and it is also model dependent. In polarization, in addition to B-
modes, the EE and T E spectra also contain a signal from tensor
modes coming from reionization and last scattering. However,
in this release the addition of Planck polarization constraints at
` � 30 do not significantly change the results from temperature
and low-` polarization (see Table 5).

Figure 21 shows the 2015 Planck constraint in the ns–r plane,
adding r as a one-parameter extension to base ⇤CDM. Note that
for base ⇤CDM (r = 0), the value of ns is

ns = 0.9655 ± 0.0062, Planck TT+lowP. (38)

We highlight this number here since ns, a key parameter for in-
flationary cosmology, shows one of the largest shifts of any pa-
rameter in base ⇤CDM between the Planck 2013 and Planck
2015 analyses (about 0.7�). As explained in Sect. 3.1, part of
this shift was caused by the ` ⇡ 1800 systematic in the nominal-
mission 217 ⇥ 217 spectrum used in PCP13.

The red contours in Fig. 21 show the constraints from Planck
TT+lowP. These are similar to the constraints shown in Fig. 23
of PCP13, but with ns shifted to slightly higher values. The ad-
dition of BAO or the Planck lensing data to Planck TT+lowP
lowers the value of ⌦ch2, which at fixed ✓⇤ increases the small-
scale CMB power. To maintain the fit to the Planck tempera-
ture power spectrum for models with r = 0, these parameter
shifts are compensated by a change in amplitude As and the tilt
ns (by about 0.4�). The increase in ns to match the observed
power on small scales leads to a decrease in the scalar power
on large scales, allowing room for a slightly larger contribution

from tensor modes. The constraints shown by the blue contours
in Fig. 21, which add Planck lensing, BAO, and other astrophys-
ical data, are therefore tighter in the ns direction and shifted to
slightly higher values, but marginally weaker in the r-direction.
The 95 % limits on r0.002 are

r0.002 < 0.10, Planck TT+lowP, (39a)
r0.002 < 0.11, Planck TT+lowP+lensing+ext, (39b)

consistent with the results reported in PCP13. Note that we as-
sume the second-order slow-roll consistency relation for the ten-
sor spectral index. The result in Eqs. (39a) and (39b) are mildly
scale dependent, with equivalent limits on r0.05 being weaker by
about 5 %.

PCP13 noted a mismatch between the best-fit base ⇤CDM
model and the temperature power spectrum at multipoles ` <

⇠
40,

partly driven by the dip in the multipole range 20 <⇠ ` <⇠ 30. If
this mismatch is simply a statistical fluctuation of the ⇤CDM
model (and there is no compelling evidence to think otherwise),
the strong Planck limit (compared to forecasts) is the result of
chance low levels of scalar mode confusion. On the other hand if
the dip represents a failure of the ⇤CDM model, the 95 % limits
of Eqs. (39a) and (39b) may be underestimates. These issues are
considered at greater length in Planck Collaboration XX (2015)
and will not be discussed further in this paper.

As mentioned above, the Planck temperature constraints on
r are model-dependent and extensions to ⇤CDM can give sig-
nificantly di↵erent results. For example, extra relativistic de-
grees of freedom increase the small-scale damping of the CMB
anisotropies at a fixed angular scale, which can be compensated
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FIG. 7. Constraints in the r vs. ns plane when using Planck
plus additional data, and when also adding BICEP2/Keck
data through the end of the 2014 season including new 95 GHz
maps—the constraint on r tightens from r0.05 < 0.12 to
r0.05 < 0.07. This figure is adapted from Fig. 21 of Ref. [2]—
see there for further details.
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FIG. 5. Constraints in the r vs. ns plane when using
Planck 2015 plus additional data, and when also adding BI-
CEP2/Keck data through the end of the 2015 season—the
constraint on r tightens from r0.05 < 0.12 to r0.05 < 0.06.
This figure is adapted from Fig. 21 of Ref. [3], with two no-
table di↵erences: switching lowP to lowT plus a ⌧ prior of
0.055±0.009 Ref. [41], and the exclusion of JLA data and the
H0 prior.

Fig. 6 shows the BK15 noise uncertainties in the ` ⇡ 80
bandpowers as compared to the signal levels. Note
that the new Keck 220GHz band has approximately the
same signal-to-noise on dust as Planck 353GHz with two
receiver-years of operation. In 2016 and 2017 we recorded
an additional eight receiver-years of data which will re-
duce the noise by a factor of 5 &

p
5 for 220 ⇥ 220 &

150⇥ 220 respectively.

As seen in the lower right panel of Fig. 4 with four Keck
receiver-years of data, our 95GHz data starts to weakly
prefer a non-zero value for the synchrotron amplitude for
the first time. In 2017 alone BICEP3 recorded nearly
twice as much data in the 95GHz band as is included in
the current result. We plan to proceed directly to a BK17
result which can be expected to improve substantially on
the current results.

Dust decorrelation, and foreground complexity more
generally, will remain a serious concern. With higher
quality data we will be able to constrain the foreground
behavior ever better, but of course we will also need to
constrain it ever better. The BICEP Array experiment
which is under construction will provide BICEP3 class
receivers in the 30/40, 95, 150 and 220/270GHz bands
and is projected to reach �(r) < 0.005 within five years.
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FIG. 6. Expectation values and noise uncertainties for the
` ⇠ 80 BB bandpower in the BICEP2/Keck field. The solid
and dashed black lines show the expected signal power of
lensed-⇤CDM and r0.05 = 0.05 & 0.01. Since CMB units
are used, the levels corresponding to these are flat with fre-
quency. The blue/red bands show the 1 and 2� ranges of
dust and synchrotron in the baseline analysis including the
uncertainties in the amplitude and frequency spectral index
parameters (Async,23, �s and Ad,353, �d). The BICEP2/Keck
auto-spectrum noise uncertainties are shown as large blue cir-
cles, and the noise uncertainties of the WMAP/Planck single-
frequency spectra evaluated in the BICEP2/Keck field are
shown in black. The blue crosses show the noise uncertainty
of selected cross-spectra, and are plotted at horizontal posi-
tions such that they can be compared vertically with the dust
and sync curves.
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4d Lagrangian:

Axion mass:
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EFT of axion couplings
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non-perturbative effects:  
instantons of action S  
generate scalar potential

continuous shift symmetry 
broken to:
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1 Introduction

The QCD axion ‘a’ is predicted [1, 2] in the most plausible explanation of the strong
CP problem, that is the non-observation of a θ-angle term. To accomplish this, it must
act as a field-dependent θ-angle term, i.e. it must have a coupling to the topological
charge density in QCD:

L ⊃ 1

2
∂µa ∂

µa− g23
32π2

aCa3

fa
F b
3,µν F̃

b,µν
3 , (1.1)

where F b
3,µν is the bth component of the gluon field strength tensor, F̃ b,µν

3 = 1
2ε

µνρσF b
3,ρσ

its dual, g3 is the strong coupling, and fa is the axion decay constant. We take con-
ventions such that the axion is periodic under a → a+ 2πfa; Ca3 is then a constant
describing the coupling of the axion to QCD, which for a field theory model is equal
to the anomaly of the Peccei-Quinn field under QCD. It is usually absorbed into the
definition of fa but it shall be more convenient for string models to retain it.

Non-perturbative QCD effects at low energies then generate a potential for the
QCD axion plus the θ angle, stabilising the physical value at zero, thereby solving
the strong CP problem [3], and giving the axion a parametrically small mass ma ∼
mπfπ/fa, where mπ and fπ are the pion mass and decay constant, respectively.

There are beam dump, astrophysical and experimental constraints on the decay
constant of the QCD axion and axion-like particles (ALPs) ai via their couplings to
photons and electrons:

L ⊃ − e2

32π2
Ciγ

fai
ai Fµν F̃

µν +
Cie

2fai
ēγµγ5e∂µai , (1.2)

that are summarised in appendix B. There are also searches underway in light-shining-
through-a-wall (LSW) experiments [4], in searches for solar axions [5] and in direct
haloscope searches for axion cold dark matter (CDM) [6]. Direct searches for the
QCD axion in beam dumps and the non-observation of its effect on the cooling of
stars constrain the QCD axion decay constant to be fa/Ca3 ! 109 GeV. Furthermore,
there are also several tantalising astrophysical hints, which together point to a light
ALP with couplings and mass [7–12]:

fai
Cie

% (0.7 ÷ 2.6) × 109 GeV ,
fai
Ciγ

∼ 108 GeV, mai " 10−9 ÷ 10−10 eV ,

hinting at Ciγ/Cie ∼ 10, which we shall review in appendix B. A summary of con-
straints and hints is given in figure 1.

3

Axion-SM couplings:

Chern-Simons (CS) term

[Peccei & Quinn ’77]
[Weinberg ’78]
[Wilczek ’78]
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• axions:  
- Kaluza-Klein 0-modes of gauge fields 
- angles θa between branes 
- phases of open-string matter fields

axions in string theory ... 

• string theory:  
- extra dimensions 
- higher p-form gauge fields 
- branes

4

[Svrcek & Witten '06]
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⌃(p) =  internal p-cycle of the Calabi-Yau
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<latexit sha1_base64="D4FMjlbMzE00hEYjPFPglpHxric=">AAACB3icbVDJSgNBEO1xjXGLehSkMQjxEmZCXC5C0IvHiGaBzDjUdDpJk56eobtHCENuXvwVLx4U8eovePNv7CwHTXxQ8Hiviqp6QcyZ0rb9bS0sLi2vrGbWsusbm1vbuZ3duooSSWiNRDySzQAU5UzQmmaa02YsKYQBp42gfzXyGw9UKhaJOz2IqRdCV7AOI6CN5OcOXCa0n7q3rBuCD/dpoXQ8HOJLv3SBAx/8XN4u2mPgeeJMSR5NUfVzX247IklIhSYclGo5dqy9FKRmhNNh1k0UjYH0oUtbhgoIqfLS8R9DfGSUNu5E0pTQeKz+nkghVGoQBqYzBN1Ts95I/M9rJbpz7qVMxImmgkwWdRKOdYRHoeA2k5RoPjAEiGTmVkx6IIFoE13WhODMvjxP6qWic1os35TzlZNpHBm0jw5RATnoDFXQNaqiGiLoET2jV/RmPVkv1rv1MWldsKYze+gPrM8fJwaYKQ==</latexit>Z

⌃(2)
a

B2 = ba

<latexit sha1_base64="hMECEkk/rfhALVOisUYuaopTms0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PEi8eI5gHJEmYnvcmQ2dllZlYISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ6uOm5vXLFrbozkGXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgpNRNNSaUjegAO5ZKGqH2s9mpE3JilT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeO1nXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtOyYbgLb68TJpnVe+yen5/Xqld5HEU4QiO4RQ8uIIa3EEdGsBgAM/wCm+OcF6cd+dj3lpw8plD+APn8we1WI1k</latexit>

A0 =  0-form, i.e. an axion

in particular, in type IIB we have :

we call them axions because:

after compactification: continuous shift symmetry 
inherited from the 10d gauge invariance

introduce branes: shift symmetry broken to a discrete one
                                + generate a potential (hence a mass) for the axions

<latexit sha1_base64="PKygzbHabtUbr8nCUxvjwiUXxFU=">AAAB/HicdVBNSwMxEM36WetX1aOXYBE8Ldmlre2t4MWDBwVbhbaUbJptg9lkSWaVUupf8eJBEa/+EG/+G9MPQUUfDDzem2FmXpRKYYGQD29hcWl5ZTW3ll/f2NzaLuzsNq3ODOMNpqU21xG1XArFGyBA8uvUcJpEkl9FNycT/+qWGyu0uoRhyjsJ7SsRC0bBSd3CXvtMq77kMRjRHwA1Rt91C0Xik7BaLoWY+GGZ1IKaI2US1ColHPhkiiKa47xbeG/3NMsSroBJam0rICl0RtSAYJKP8+3M8pSyG9rnLUcVTbjtjKbHj/GhU3o41saVAjxVv0+MaGLtMIlcZ0JhYH97E/Evr5VBXO2MhEoz4IrNFsWZxKDxJAncE4YzkENHKDPC3YrZgBrKwOWVdyF8fYr/J83QDyp+6aJUrIfzOHJoHx2gIxSgY1RHp+gcNRBDQ/SAntCzd+89ei/e66x1wZvP7KEf8N4+AdzYlYo=</latexit> (
)

<latexit sha1_base64="WK/+q5Tme83awubt9x3xTskwGxc=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo4kXjxClEcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFS/b5XLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU1440+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/K3lW5Uq+UqpdZHHk4gVM4Bw+uoQp3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8Aa0qjNM=</latexit>

S

type IIB closed string axions

instantons of complex action
5
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<latexit sha1_base64="9ZTzJ54mkxelj8Cl+wXsAtF1vz0=">AAAB83icbZC7TsMwFIZPyq2UW4GRxaJCYkBVgriNFSwMDK1EL1IbVY7jtFYdJ7KdiirqE7DCxIZYeSAG3gU3zQAtR7L06f/P0Tn+vZgzpW37yyqsrK6tbxQ3S1vbO7t75f2DlooSSWiTRDySHQ8rypmgTc00p51YUhx6nLa90d3Mb4+pVCwSj3oSUzfEA8ECRrA2UuOhX67YVTsrtAxODhXIq94vf/f8iCQhFZpwrFTXsWPtplhqRjidlnqJojEmIzygXYMCh1Sd+WMWqwzd9Ck7eopOjOujIJLmCY0y9fd0ikOlJqFnOkOsh2rRm4n/ed1EBzduykScaCrIfFGQcKQjNEsA+UxSovnEACaSmbsRGWKJiTY5mTycxd8vQ+u86lxVLxsXldptnkwRjuAYTsGBa6jBPdShCQQoPMMLvFqJ9Wa9Wx/z1oKVzxzCn7I+fwC32ZHw</latexit>

L

<latexit sha1_base64="dV0RjUTuIcgof+wKahCD1sYrrVE=">AAAB9nicbZDLSsNAFIYnXmu9VV26GSyCCymJeFsW3bisYC/QhjKZnLRDJ5MwMyktoa/gVlfuxK2v48J3cZJmoa0HBj7+/xzOmd+LOVPatr+sldW19Y3N0lZ5e2d3b79ycNhSUSIpNGnEI9nxiALOBDQ10xw6sQQSehza3ug+89tjkIpF4klPY3BDMhAsYJToTOoB5/1K1a7ZeeFlcAqooqIa/cp3z49oEoLQlBOluo4dazclUjPKYVbuJQpiQkdkAF2DgoSgzv0xi1WObjrJ757hU+P6OIikeULjXP09nZJQqWnomc6Q6KFa9DLxP6+b6ODWTZmIEw2CzhcFCcc6wlkI2GcSqOZTA4RKZu7GdEgkodpEZfJwFn+/DK2LmnNdu3q8rNbvimRK6BidoDPkoBtURw+ogZqIoiF6Ri/o1ZpYb9a79TFvXbGKmSP0p6zPHzAmk1s=</latexit>

`

<latexit sha1_base64="R2rLyLQo5939F16T7XQTZSiinTg=">AAACFHicdVDLSgMxFM34rPU16tJNsAguZJgpProsunEjVLEP6JSSSTNtaJIZkky1DN36CX6FW125E7fuXfgvZtoKWvTA5R7OuZfkniBmVGnX/bDm5hcWl5ZzK/nVtfWNTXtru6aiRGJSxRGLZCNAijAqSFVTzUgjlgTxgJF60D/P/PqASEUjcaOHMWlx1BU0pBhpI7Vt6F/Tbk8jKaNbGEKfEaUU5fCynfqSw8qobRdcp+RmgK5TnCGeM+5uAUxRaduffifCCSdCY4aUanpurFspkppiRkZ5P1EkRriPuqRpqECcqMPOgMZqTFvp3fiqEdw3bgeGkTQlNByrP7dTxJUa8sBMcqR7atbLxL+8ZqLDUiulIk40EXjyUJgwqCOYRQQ7VBKs2dAQhCU1/4a4hyTC2gRp8vg+Gv5PakXHO3GOr44K5bNpMjmwC/bAAfDAKSiDC1ABVYDBPXgET+DZerBerFfrbTI6Z013dsAvWO9frUefDQ==</latexit>

) f . MP

<latexit sha1_base64="CguWRSYblHFLek5Fp3ToPqfdicI="></latexit>

in most cases:

Sf . MP

(axionic WGC)

[Banks, Dine, Fox & Gorbatov '03; Svrcek & Witten '06]

string theory matching of axion EFT

[Arkani-Hamed, Motl, Nicolis & Vafa '06]

<latexit sha1_base64="TxotTIgn+9om7BuXUbVFvYMNlW4="></latexit>

�V ⇠ Re(e�S) , ReS =
`q

g#s

<latexit sha1_base64="4PUAaI+Zz5i3vvf4SwLa73ppqxc="></latexit>

Lkin. ⇠ M2
P
`q

0

Lp
@µa@

µa , q0 < p , ` . L
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• consequence of string extra dimensions:  
- many cycles — O(100) 
- each cycle: a p-form 0-mode axion

★ string theory generically contains many axions

★ decay constants are high 
… power-law in extra-dim. size

★ masses distribute exponentially wide 
… exponential in extra-dim. size

★ couplings to SM: mostly no … 
… exceptions highly model-dependent (e.g. kinetic mixing)

a string theory axiverse !

[Arvanitaki, Dimopoulos, Dubovsky, Kaloper & March-Russell ’09] 
[Cicoli, Goodsell & Ringwald ’12] , many many more …
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• closed string axion pheno: 
- dark radiation 

axion production from moduli decay in type IIB string models 
of moduli stabilization (LVS, KKLT …)

type IIB on CY: 
often has h1,1 > 1  
volume moduli & C4-axions

<latexit sha1_base64="L08DtBBJu8R5S6HMyyEc0fHQJRs="></latexit>

K

M2
P

= �n1 ln(T1 + T̄1) + . . .

<latexit sha1_base64="qKThY7PbW7eRUkUHi9wxGTltO3w="></latexit>

Lkin. = Ki|̄@µT
i@µT̄ |̄ � M2

P

4

n1

⌧21
@µ⌧1@

µ⌧1 +
M2

P

4

n1

⌧21
@µa1@

µa1

mass & couplings from 
non-pert. effects:

<latexit sha1_base64="5xXN4HzhscSORcoJRTHEghWPQ94=">AAACDnicbVDLSgMxFM3UV62vqjvdBIvQgpQZqY+NUHTjwkUF+4BOHe5k0jY08yDJFEsp+Al+hVtduRO3/oIL/8W0nYW2HggczjmXm3vciDOpTPPLSC0sLi2vpFcza+sbm1vZ7Z2aDGNBaJWEPBQNFyTlLKBVxRSnjUhQ8F1O627vauzX+1RIFgZ3ahDRlg+dgLUZAaUlJ7tXu7BvdNyDvK0gdljhvmSTUOah4GRzZtGcAM8TKyE5lKDiZL9tLySxTwNFOEjZtMxItYYgFCOcjjJ2LGkEpAcd2tQ0AJ/KI6/PIjmhreHD5J4RPtSuh9uh0C9QeKL+nh6CL+XAd3XSB9WVs95Y/M9rxqp93hqyIIoVDch0UTvmWIV4XA72mKBE8YEmQATT/8akCwKI0hXqPqzZ6+dJ7bhonRZPbku58mXSTBrtowOURxY6Q2V0jSqoigh6RM/oBb0aT8ab8W58TKMpI5nZRX9gfP4AjY2bow==</latexit>

V = ⇤(⌧i)
4 cos(a)

[Cicoli, Conlon & Quevedo ’12]

[Higaki & Takahashi ’12]

[Cicoli, Sinha & Wiley Deal ’22]
...

[Hebecker, Mangat,  
Rompineve & Witkowski ’14]

heavy moduli decay 
into relativistic axions “dark radiation”  
 

non-linearity of couplings 
drives parametric resonance

e.g.  [Demirtas, Gendler, Long, 
McAllister & Moritz ’21]

Cosmic Axion  
Background
[Conlon & Marsh ’13] 
[Dror, Murayama & Rodd ’21]
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• closed string axion pheno:  
- dark matter 

high-scale decay constants: f  > H  (PQ broken) even during inflation

population of non-relativistic axion matter density  
via misalignment: 
 
random displacement of axion a during inflation from de Sitter 
vacuum fluctuations 
 
every Hubble patch has different  ,  ours is selected anthropically 

but exponentially light: m  << H  during inflation

axion abundance:
<latexit sha1_base64="ik3xpe2yPub/aufZgdrM6cKbPu4=">AAAB8HicdVDLSgMxFL1TX7W+qi7dBItQoQzTKurCRdFNlxVsq3SGkkkzbWgmMyQZoQz9CjcuFHHr57jzb8y0FXweCDmccy/33uPHnCntOO9WbmFxaXklv1pYW9/Y3Cpu77RVlEhCWyTikbzxsaKcCdrSTHN6E0uKQ5/Tjj+6zPzOHZWKReJaj2PqhXggWMAI1ka6LbuVxnngVg57xZJj15wM6Dep2tPfKcEczV7xze1HJAmp0IRjpbpVJ9ZeiqVmhNNJwU0UjTEZ4QHtGipwSJWXTheeoAOj9FEQSfOERlP1a0eKQ6XGoW8qQ6yH6qeXiX953UQHZ17KRJxoKshsUJBwpCOUXY/6TFKi+dgQTCQzuyIyxBITbTIqmBA+L0X/k3bNrp7YR1fHpfrFPI487ME+lKEKp1CHBjShBQRCuIdHeLKk9WA9Wy+z0pw179mFb7BePwDmLY8t</latexit>

(H < f )

[Cicoli, Goodsell & Ringwald ’12]

<latexit sha1_base64="H5y9bAlMstE9uffoeYS9O3wdfvI="></latexit>

⌦ah2

0.112
' 2.2⇥

⇣ ma

10�22 eV

⌘1/2
✓

f

1017 GeV

◆2

a2in

[Preskill, Wise & Wilczek ’83] 
[Abbott & Sikivie ’83]
[Dine & Fischler ’83]
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• closed string axion pheno:  
- what dark matter? 
 
 
 
 
- other production mechanisms … 
 
  … from topological defects, cosmic strings

if m > 10-18 eV … cold dark matter

if 10-25 eV < m < 10-19 eV … fuzzy (or wave) dark matter
[Hui, Ostriker, Tremaine & Witten ’16]
[Hu, Barkana & Gruzinov ’00]

[Cicoli, Guidetti, Righi & AW ’21]
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<latexit sha1_base64="9ZTzJ54mkxelj8Cl+wXsAtF1vz0=">AAAB83icbZC7TsMwFIZPyq2UW4GRxaJCYkBVgriNFSwMDK1EL1IbVY7jtFYdJ7KdiirqE7DCxIZYeSAG3gU3zQAtR7L06f/P0Tn+vZgzpW37yyqsrK6tbxQ3S1vbO7t75f2DlooSSWiTRDySHQ8rypmgTc00p51YUhx6nLa90d3Mb4+pVCwSj3oSUzfEA8ECRrA2UuOhX67YVTsrtAxODhXIq94vf/f8iCQhFZpwrFTXsWPtplhqRjidlnqJojEmIzygXYMCh1Sd+WMWqwzd9Ck7eopOjOujIJLmCY0y9fd0ikOlJqFnOkOsh2rRm4n/ed1EBzduykScaCrIfFGQcKQjNEsA+UxSovnEACaSmbsRGWKJiTY5mTycxd8vQ+u86lxVLxsXldptnkwRjuAYTsGBa6jBPdShCQQoPMMLvFqJ9Wa9Wx/z1oKVzxzCn7I+fwC32ZHw</latexit>

L

<latexit sha1_base64="dV0RjUTuIcgof+wKahCD1sYrrVE=">AAAB9nicbZDLSsNAFIYnXmu9VV26GSyCCymJeFsW3bisYC/QhjKZnLRDJ5MwMyktoa/gVlfuxK2v48J3cZJmoa0HBj7+/xzOmd+LOVPatr+sldW19Y3N0lZ5e2d3b79ycNhSUSIpNGnEI9nxiALOBDQ10xw6sQQSehza3ug+89tjkIpF4klPY3BDMhAsYJToTOoB5/1K1a7ZeeFlcAqooqIa/cp3z49oEoLQlBOluo4dazclUjPKYVbuJQpiQkdkAF2DgoSgzv0xi1WObjrJ757hU+P6OIikeULjXP09nZJQqWnomc6Q6KFa9DLxP6+b6ODWTZmIEw2CzhcFCcc6wlkI2GcSqOZTA4RKZu7GdEgkodpEZfJwFn+/DK2LmnNdu3q8rNbvimRK6BidoDPkoBtURw+ogZqIoiF6Ri/o1ZpYb9a79TFvXbGKmSP0p6zPHzAmk1s=</latexit>

`

SM couplings of closed string axions ?

4-cycle carrying the branes 
producing the SM

4-cycles carrying 
string axions
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<latexit sha1_base64="9ZTzJ54mkxelj8Cl+wXsAtF1vz0=">AAAB83icbZC7TsMwFIZPyq2UW4GRxaJCYkBVgriNFSwMDK1EL1IbVY7jtFYdJ7KdiirqE7DCxIZYeSAG3gU3zQAtR7L06f/P0Tn+vZgzpW37yyqsrK6tbxQ3S1vbO7t75f2DlooSSWiTRDySHQ8rypmgTc00p51YUhx6nLa90d3Mb4+pVCwSj3oSUzfEA8ECRrA2UuOhX67YVTsrtAxODhXIq94vf/f8iCQhFZpwrFTXsWPtplhqRjidlnqJojEmIzygXYMCh1Sd+WMWqwzd9Ck7eopOjOujIJLmCY0y9fd0ikOlJqFnOkOsh2rRm4n/ed1EBzduykScaCrIfFGQcKQjNEsA+UxSovnEACaSmbsRGWKJiTY5mTycxd8vQ+u86lxVLxsXldptnkwRjuAYTsGBa6jBPdShCQQoPMMLvFqJ9Wa9Wx/z1oKVzxzCn7I+fwC32ZHw</latexit>

L

<latexit sha1_base64="dV0RjUTuIcgof+wKahCD1sYrrVE=">AAAB9nicbZDLSsNAFIYnXmu9VV26GSyCCymJeFsW3bisYC/QhjKZnLRDJ5MwMyktoa/gVlfuxK2v48J3cZJmoa0HBj7+/xzOmd+LOVPatr+sldW19Y3N0lZ5e2d3b79ycNhSUSIpNGnEI9nxiALOBDQ10xw6sQQSehza3ug+89tjkIpF4klPY3BDMhAsYJToTOoB5/1K1a7ZeeFlcAqooqIa/cp3z49oEoLQlBOluo4dazclUjPKYVbuJQpiQkdkAF2DgoSgzv0xi1WObjrJ757hU+P6OIikeULjXP09nZJQqWnomc6Q6KFa9DLxP6+b6ODWTZmIEw2CzhcFCcc6wlkI2GcSqOZTA4RKZu7GdEgkodpEZfJwFn+/DK2LmnNdu3q8rNbvimRK6BidoDPkoBtURw+ogZqIoiF6Ri/o1ZpYb9a79TFvXbGKmSP0p6zPHzAmk1s=</latexit>

`

SM couplings of closed string axions ?

4-cycle carrying the branes 
producing the SM

4-cycles carrying 
string axions

• closed string axion pheno: 

[Berg, Marsh, McAllister & Pajer ’10]

[Gendler, Marsh, McAllister & Moritz ’23]

- handful of axions visible to SM,  most are DARK !!
- SM-couplings depend on extra-dim. size & cycle 

intersection data
- kinetic mixing between U(1) gauge fields coupled to dark 

axions and SM U(1) gauge field often small [Hebecker, Jaeckel & Kuespert ’23]
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Figure 1: A summary of constraints on and hints for the couplings fai
/Cij of axion-like particles ai to fields

j. The green regions from top to bottom correspond respectively to the classic ‘axion dark matter window’,
hints of an axion from white dwarf cooling and transparency of the Universe to very high energy gamma
rays. Red regions are excluded, and the orange region would be excluded by red giants but is compatible
with the hints from white dwarfs. The blue region would be excluded by dark matter overproduction in the
absence of a dilution mechanism or tuning of the misalignment angle. Legend: ‘Molecular interferometry’
refers to reach of future experiments discussed in [13], see appendix B.2; ‘CDM’ is constraints on the QCD
axion coupling from dark matter overproduction in the standard cosmology, see section B.2; constraints
from ‘White dwarfs’ are discussed in section B.1.1; ‘HB/CAST’ are constraints from horizontal branch stars
and the CAST experiment respectively, see section B.1.1; ‘SN1987A’ are the bounds from observation of
high energy gamma rays from that supernova, see section B.1.2; AGN are the hints from observation of
gamma rays from active galactic nuclei, also in section B.1.2.

As a result of these constraints and hints, the QCD axion is necessarily associated
with a very high energy scale, and so it is natural to search for it in ultra-violet com-
pletions of the Standard Model (SM) such as string theory. Indeed, it has long been
known that the low-energy effective field theory (EFT) of string compactifications
predicts natural candidates for the QCD axion [14–18], often even an ‘axiverse’ [19]
containing many additional light ALPs whose masses are logarithmically hierarchical.

Despite all of these promising considerations, it has been very hard to construct
explicit string theoretic examples with a successful QCD axion candidate, let alone
additional light ALPs. In order to understand the origins of these difficulties, we focus
on type IIB flux compactifications since this is the theory where moduli stabilisation
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and the CAST experiment respectively, see section B.1.1; ‘SN1987A’ are the bounds from observation of
high energy gamma rays from that supernova, see section B.1.2; AGN are the hints from observation of
gamma rays from active galactic nuclei, also in section B.1.2.

As a result of these constraints and hints, the QCD axion is necessarily associated
with a very high energy scale, and so it is natural to search for it in ultra-violet com-
pletions of the Standard Model (SM) such as string theory. Indeed, it has long been
known that the low-energy effective field theory (EFT) of string compactifications
predicts natural candidates for the QCD axion [14–18], often even an ‘axiverse’ [19]
containing many additional light ALPs whose masses are logarithmically hierarchical.

Despite all of these promising considerations, it has been very hard to construct
explicit string theoretic examples with a successful QCD axion candidate, let alone
additional light ALPs. In order to understand the origins of these difficulties, we focus
on type IIB flux compactifications since this is the theory where moduli stabilisation
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the many other string axions are dark … 

• couplings are either gravitational (Planck-suppressed): 

- can be part of dark matter
- or dark radiation:  visible e.g. in CMB as Neff

-  axion clouds around fast-spinning BHs deplete spin: 
   detection via BH superradiance

• and/or to dark sectors, e.g. dark U(1) gauge fields: 

- spectator role during inflation 

- slow-rolling axion coupled to dark U(1) during inflation:
   production of dark gauge field & induced peaked GWs 

-  for string axions quite generic & constrains axiverse

[Arvanitaki, Dimopoulos, Dubovsky, Kaloper & March-Russell ’09]

[Cicoli, Conlon & Quevedo ’12]
[Higaki & Takahashi ’12]

[Dimastrogiovanni, Fasiello, Leedom, Putti & AW ’23]

[Anber & Sorbo ’09, Sorbo ’11] [Adshead & Wyman ’12]
… [Namba, Peloso, Shiraishi, Sorbo & Unal ’15] [Dimastrogiovanni, Fasiello & Fujita ’16], [Domcke, Pieroni & Binetruy ’16] …

[Biagetti, Dimastrogiovanni, Fasiello & Peloso ’14]
[Dimastrogiovanni, Fasiello & Fujita ’16]
[Obata & Soda ’17]
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- axion pheno to large part determined by couplings in kinetic  
  term and NP scalar potential + matter & gauge field couplings  
 
- these couplings are top-down determined by compactification  
  data — e.g intersection #s,  fluxes, or topological data (e.g. for  
  thraxions) 
 
- axion-matter couplings depend on axion type and SM 
  realization (7-branes on 4-cycle, 3-branes at CY singularity,  
  thraxions ?) 

need both: 
 
- explicit string model constructions to study structure & parameter range 
  of axion couplings 
 
- scans over large sets of string vacua to get  
  number frequency distribution of axion EFT parameters

summary


