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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

34

8

�2

0.00

0.05

0.10

0.15

0.20

0.25

N
=

50
N
=

60

ConvexConcave

�

Planck TT+lowP+lensing+ext

+BK14

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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type IIB closed string axions, WGC & Fuzzy Dark Matter
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non-perturbative effects:  
instantons of action S  
generate scalar potential

continuous shift symmetry 
broken to:
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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
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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
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S

type IIB closed string axions

instantons of complex action
4
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) f . MP

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

in most cases:

Sf . MP

(axionic WGC)

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

string theory matching of axion EFT

[Arkani-Hamed, Motl, Nicolis & Vafa '06]
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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:  
- high-scale — inflation  

natural inflation does not work:
<latexit sha1_base64="lYzxV2XHqJbwPfm1QzoB7QcY0YU="></latexit>

L = (@µ�)
2 � ⇤4 cos(�/f) needs f > MP

<latexit sha1_base64="359Pqj+W8zGaS614Uu4bjQko454=">AAAB/XicbZC7SgNBFIZnvcZ4i1raDAbBQsKueCssgjY2QgRzgc0SZiezyZC5LDOzwbAEn8JWKzux9VksfBcnmy008cDAx/+fwznzhzGj2rjul7OwuLS8slpYK65vbG5tl3Z2G1omCpM6lkyqVog0YVSQuqGGkVasCOIhI81wcDPxm0OiNJXiwYxiEnDUEzSiGBkr+dHVXSdtKw5r406p7FbcrOA8eDmUQV61Tum73ZU44UQYzJDWvufGJkiRMhQzMi62E01ihAeoR3yLAnGij7tDGusMg/QxO38MD63bhZFU9gkDM/X3dIq41iMe2k6OTF/PehPxP89PTHQZpFTEiSECTxdFCYNGwkkWsEsVwYaNLCCsqL0b4j5SCBubmM3Dm/39PDROKt555ez+tFy9zpMpgH1wAI6ABy5AFdyCGqgDDCR4Bi/g1Xly3px352PauuDkM3vgTzmfP+uDlfk=</latexit>

f < MP

several axions: aligned inflation, N-flation,  
hierarchical or winding inflation, axion hybrid inflation, …

axion monodromy: fluxes break shift symmetry

[McAllister, Silverstein & AW ’08]

[Dimopoulos, Kachru, McGreevy & Wacker ’05]

[Carta, Righi, Welling & AW ’20]

[Kaloper & Sorbo ’08]

[Kim, Nilles & Peloso ’04]
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…

[Hebecker, Mangat, Rompineve & Witkowski ’15]

[Ben-Dayan, Pedro & AW ’14]

…

<latexit sha1_base64="oZoyoVHq4ya7RsdH0LT5YEq6PBM=">AAAB/XicbZDLSsNAFIYnXmu9VV26GSyCCymJeFsWheKygr1AGspkctIOnWTCzKRYSvEp3OrKnbj1WVz4Lk7TLLT1wMDH/5/DOfP7CWdK2/aXtbS8srq2Xtgobm5t7+yW9vabSqSSQoMKLmTbJwo4i6GhmebQTiSQyOfQ8ge3U781BKmYiB/0KAEvIr2YhYwSbSSX4FpHMx4ArnVLZbtiZ4UXwcmhjPKqd0vfnUDQNIJYU06Uch070d6YSM0oh0mxkypICB2QHrgGYxKBOg2GLFEZeuPH7PwJPjZugEMhzYs1ztTf02MSKTWKfNMZEd1X895U/M9zUx1ee2MWJ6mGmM4WhSnHWuBpFjhgEqjmIwOESmbuxrRPJKHaJGbycOZ/vwjNs4pzWbm4Py9Xb/JkCugQHaET5KArVEV3qI4aiCKBntELerWerDfr3fqYtS5Z+cwB+lPW5w9kPJWj</latexit>

aF F̃generic: -coupling produces gauge fields & gravitational waves
[Anber & Sorbo ’09]… review: [Barnaby, Pajer & Peloso ’12]
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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 …)

[Cicoli, Conlon & Quevedo ’12]

[Higaki & Takahashi ’12]

[Cicoli, Sinha & Wiley Deal ’22]
...

[Hebecker, Mangat,  
Rompineve & Witkowski ’14]



8

• 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
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K

M2
P

= �n1 ln(T1 + T̄1) + . . .

[Cicoli, Conlon & Quevedo ’12]

[Higaki & Takahashi ’12]

[Cicoli, Sinha & Wiley Deal ’22]
...

[Hebecker, Mangat,  
Rompineve & Witkowski ’14]

e.g.  [Demirtas, Gendler, Long, 
McAllister & Moritz ’21]
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e.g.  [Demirtas, Gendler, Long, 
McAllister & Moritz ’21]
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• closed string axion pheno:  
- dark radiation 

axion production from moduli decay in type IIB string models  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Rompineve & Witkowski ’14]

e.g.  [Demirtas, Gendler, Long, 
McAllister & Moritz ’21]
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heavy moduli decay 
into relativistic axions  
“dark radiation”

e.g.  [Demirtas, Gendler, Long, 
McAllister & Moritz ’21]
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• closed string axion pheno:  
- dark matter 

high-scale decay constants: f  > H  even during inflation

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

but exponentially light: m  << H  during inflation
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• closed string axion pheno:  
- dark matter 

high-scale decay constants: f  > H  even during inflation

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

but exponentially light: m  << H  during inflation

axion abundance:
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(H < f )

[Cicoli, Goodsell & Ringwald ’12]
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• closed string axion pheno:  
- what dark matter?  
 
 
 
 
- other production mechanisms … 
 
  … from topological defects, cosmic strings (see 
  Javier Redondo’s talk yesterday)

if m > 10-18 eV … cold dark matter

if 10-25 eV < m < 10-19 eV … fuzzy (or wave) dark matter
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• closed string axions - open questions:  
 
- axion-moduli couplings in kinetic terms & NP potentials  
  determined by compactification data — e.g intersection #s 
  or fluxes 
 
- axion-matter couplings depend on axion type and SM 
  realization (7-branes on 4-cycle, 3-branes at CY singularity)  

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



[Mocz et al ’19]

Ultralight axions as FDM [Hui, Ostriker, Tremaine & Witten ’16]

eV GeV

Possible sign of the string axiverse?

+ clash with the Weak Gravity Conjecture ?

[Hebecker, Mikhail & Soler ’18]
[Alonso & Urbano ’17]

[Hu, Barkana & Gruzinov ’00]FDM = DM made of ultralight particles

<latexit sha1_base64="pWYf0CbN1wWsDm6Ozm39QUKpP4E=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KR0rosunFZwT6giWUymbRDJ5MwMynUUPwVNy4Ucet/uPNvnLZZaOuBC4dz7uXee/yEM6Ud59sqrK1vbG4Vt0s7u3v7B/bhUVvFqSS0RWIey66PFeVM0JZmmtNuIimOfE47/uhm5nfGVCoWi3s9SagX4YFgISNYG6lvn4SuYhFEzkOGam7AxhDVp3277FScOeAqQTkpgxzNvv3lBjFJIyo04VipHnIS7WVYakY4nZbcVNEEkxEe0J6hAkdUedn8+ik8N0oAw1iaEhrO1d8TGY6UmkS+6YywHqplbyb+5/VSHV55GRNJqqkgi0VhyqGO4SwKGDBJieYTQzCRzNwKyRBLTLQJrGRCQMsvr5L2ZQXVKtW7arlxncdRBKfgDFwABOqgAW5BE7QAAY/gGbyCN+vJerHerY9Fa8HKZ47BH1ifP2t0k+w=</latexit>

f ⇠ 1016÷17
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m ⇠ 10�21

type IIB closed string axions, WGC & Fuzzy Dark Matter

FDM abundance:
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Special Axionic Modes: Thraxions [Hebecker, Leonhardt, Moritz & AW ’18]
[Carta, Mininno, Righi & AW ’21]

throat

<latexit sha1_base64="2sDSE0vVD9pJAM5TEqgIvxj9vmE=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKiS1aCsIhW5cVrQPaGOYTCft0MkkzEyEEOqvuHGhiFs/xJ1/4/Qh+Dxw4XDOvdx7jx8zKpVtvxu5peWV1bX8emFjc2t7x9zda8soEZi0cMQi0fWRJIxy0lJUMdKNBUGhz0jHHzemfueWCEkjfq3SmLghGnIaUIyUljyziOHZOexTrrzs6qY8gQ2v7Jkl27JrVfu4Bn8Tx7JnKIEFmp751h9EOAkJV5ghKXuOHSs3Q0JRzMik0E8kiREeoyHpacpRSKSbzY6fwEOtDGAQCV1cwZn6dSJDoZRp6OvOEKmR/OlNxb+8XqKCqptRHieKcDxfFCQMqghOk4ADKghWLNUEYUH1rRCPkEBY6bwKOoTPT+H/pF22nBOrclkp1cuLOPJgHxyAI+CAU1AHF6AJWgCDFNyDR/Bk3BkPxrPxMm/NGYuZIvgG4/UD8V2TqA==</latexit>

c :=

Z

S2

C2

naturally light because
<latexit sha1_base64="rA7tFuUwb/WWek81t61h8rZWqYo=">AAACDXicbVC5TgMxEPVyhnAtUNJYBCSqaDeEo4xEA11A5JCySeR1nMSKj5XtRUSr/QEafoWGAoRo6en4G5yjgIQnjfT03oxm5oURo9p43rezsLi0vLKaWcuub2xubbs7u1UtY4VJBUsmVT1EmjAqSMVQw0g9UgTxkJFaOLgc+bV7ojSV4s4MI9LkqCdol2JkrNR2D3mrAANNOQwkJz3UTgIeyockMFQMk+vbNE1bJ2035+W9MeA88ackB6Yot92voCNxzIkwmCGtG74XmWaClKGYkTQbxJpECA9QjzQsFYgT3UzG36TwyCod2JXKljBwrP6eSBDXeshD28mR6etZbyT+5zVi071oJlREsSECTxZ1YwaNhKNoYIcqgg0bWoKwovZWiPtIIWxsgFkbgj/78jypFvL+Wb54U8yVTqdxZMA+OADHwAfnoASuQBlUAAaP4Bm8gjfnyXlx3p2PSeuCM53ZA3/gfP4AvtCb+w==</latexit>

m2 ⇠ !3
IR

How much control do we have on the EFT?

to just a complex manifold!<latexit sha1_base64="0EzXOLC5J7pL3o1iQdpGNF1vt1c=">AAACD3icdVA9SwNBEN3z2/gVtbRZDIpVuItBky5gY6lgTCAXwt5mkizZ2zt35yThyD+w8a/YWChia2vnv3ETI/j5YODx3gwz84JYCoOu++bMzM7NLywuLWdWVtfWN7KbW5cmSjSHKo9kpOsBMyCFgioKlFCPNbAwkFAL+idjv3YN2ohIXeAwhmbIukp0BGdopVZ235dMdSVQH2GAKfY0G1hjRH091RVcUbeVzbl5t1xyD8v0N/Hy7gQ5MsVZK/vqtyOehKCQS2ZMw3NjbKZMo+ASRhk/MRAz3mddaFiqWAimmU7+GdE9q7RpJ9K2FNKJ+nUiZaExwzCwnSHDnvnpjcW/vEaCnVIzFSpOEBT/WNRJJMWIjsOhbaGBoxxawrgW9lbKe0wzjjbCjA3h81P6P7ks5L2jfPG8mKsUpnEskR2ySw6IR45JhZySM1IlnNyQO/JAHp1b5955cp4/Wmec6cw2+Qbn5R2KCZzx</latexit>

hthraxioni 6= 0

!

!

Throats carry fluxes, i.e. field strength
<latexit sha1_base64="FQ4Uq5D963oDBBUFmovVkmZtkkQ=">AAAB73icbVDLSsNAFL3xWeur6tLNYBFclaTWx0YoFMRlBfuANoTJZNIOnUzizEQooT/hxoUibv0dd/6N0zYLbT1w4XDOvdx7j59wprRtf1srq2vrG5uFreL2zu7efungsK3iVBLaIjGPZdfHinImaEszzWk3kRRHPqcdf9SY+p0nKhWLxYMeJ9SN8ECwkBGsjdS99c5vgoZX9Uplu2LPgJaJk5My5Gh6pa9+EJM0okITjpXqOXai3QxLzQink2I/VTTBZIQHtGeowBFVbja7d4JOjRKgMJamhEYz9fdEhiOlxpFvOiOsh2rRm4r/eb1Uh9duxkSSairIfFGYcqRjNH0eBUxSovnYEEwkM7ciMsQSE20iKpoQnMWXl0m7WnEuK7X7Wrl+kcdRgGM4gTNw4ArqcAdNaAEBDs/wCm/Wo/VivVsf89YVK585gj+wPn8AttyPEw==</latexit>

F3 = dC2

type IIB closed string axions, WGC & Fuzzy Dark Matter
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<latexit sha1_base64="wtAU5wDfUX6GVHA3FPAdqcXGVM8="></latexit>

Axion Sf

C0 ⇠ 1/
p
2MP

B2 . MP

C2

⇢
SED1f . MP

SED3f . p
gs V1/3MP

C4 (1 dof) .
p
3/2MP

C4 (2 dof) . MP

C2,thrax

(
SED1f ⇠ 3

p
KM

2V1/3 MP

Se↵fe↵ ⇠ 3⇡Kp
gs V1/3MP

type IIB closed string axions, WGC & Fuzzy Dark Matter
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FDM from C4 axion
<latexit sha1_base64="oeHxkUJom4SJ7bT7MgXCdTod0e8=">AAAB/3icbVBNS8NAFHypX7V+VQUvXhaL4KkktajHghcvQkXbCk0om+2mXbqbhN2NUGIO/hUvHhTx6t/w5r9x2+agrQMLw8w83tvxY86Utu1vq7C0vLK6VlwvbWxube+Ud/faKkokoS0S8Uje+1hRzkLa0kxzeh9LioXPaccfXU78zgOVikXhnR7H1BN4ELKAEayN1Csf3AauYgK5gcQkPc3SWoaue81euWJX7SnQInFyUoEcJv/l9iOSCBpqwrFSXceOtZdiqRnhNCu5iaIxJiM8oF1DQyyo8tLp/Rk6NkofBZE0L9Roqv6eSLFQaix8kxRYD9W8NxH/87qJDi68lIVxomlIZouChCMdoUkZqM8kJZqPDcFEMnMrIkNsmtCmspIpwZn/8iJp16rOWbV+U680ankdRTiEIzgBB86hAVfQhBYQeIRneIU368l6sd6tj1m0YOUz+/AH1ucP/8qVZw==</latexit>

Sf ⇠ 3

2
MP1)

<latexit sha1_base64="zqm8DdccuSExdtZyKfsvArj8pz8="></latexit>

m2
✓V

M2
P

⇠ S3
Ve

�SV

V2

N = # of branes

N=1 c min

N=1 c max

N=10 c min

N=10 c max

0.0 0.2 0.4 0.6 0.8 1.0

1.1×1016

1.2×1016

1.3×1016

1.4×1016

ΩFDM
ΩDM

f[
G
eV

]

N=1 c min

N=1 c max

N=10 c min

N=10 c max

0.0 0.2 0.4 0.6 0.8 1.0

10-23

10-22

10-21

10-20

ΩFDM
ΩDM

m
FD
M

[e
V]

type IIB closed string axions, WGC & Fuzzy Dark Matter
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<latexit sha1_base64="oeHxkUJom4SJ7bT7MgXCdTod0e8=">AAAB/3icbVBNS8NAFHypX7V+VQUvXhaL4KkktajHghcvQkXbCk0om+2mXbqbhN2NUGIO/hUvHhTx6t/w5r9x2+agrQMLw8w83tvxY86Utu1vq7C0vLK6VlwvbWxube+Ud/faKkokoS0S8Uje+1hRzkLa0kxzeh9LioXPaccfXU78zgOVikXhnR7H1BN4ELKAEayN1Csf3AauYgK5gcQkPc3SWoaue81euWJX7SnQInFyUoEcJv/l9iOSCBpqwrFSXceOtZdiqRnhNCu5iaIxJiM8oF1DQyyo8tLp/Rk6NkofBZE0L9Roqv6eSLFQaix8kxRYD9W8NxH/87qJDi68lIVxomlIZouChCMdoUkZqM8kJZqPDcFEMnMrIkNsmtCmspIpwZn/8iJp16rOWbV+U680ankdRTiEIzgBB86hAVfQhBYQeIRneIU368l6sd6tj1m0YOUz+/AH1ucP/8qVZw==</latexit>

Sf ⇠ 3

2
MP1)

2)
<latexit sha1_base64="7X4S5R6ZTYf0fLytNDSrsyg2EUA=">AAAB/HicbVDLSsNAFL3xWeur2qWbwSK4Kkkt6sJFwY0boaJ9QBvKZDpph04mYWYihBB/xY0LRdz6Ie78G6dtFtp6YOBwzrncO8eLOFPatr+tldW19Y3NwlZxe2d3b790cNhWYSwJbZGQh7LrYUU5E7Slmea0G0mKA4/Tjje5nvqdRyoVC8WDTiLqBngkmM8I1kYalMr3/hXq+xKT9CxLaxm6HTQHpYpdtWdAy8TJSQVymPxXfxiSOKBCE46V6jl2pN0US80Ip1mxHysaYTLBI9ozVOCAKjedHZ+hE6MMkR9K84RGM/X3RIoDpZLAM8kA67Fa9Kbif14v1v6lmzIRxZoKMl/kxxzpEE2bQEMmKdE8MQQTycytiIyxaUKbvoqmBGfxy8ukXas659X6Xb3SqOV1FOAIjuEUHLiABtxAE1pAIIFneIU368l6sd6tj3l0xcpnyvAH1ucPUe+T4A==</latexit>

Sf <
3

2
MP

<latexit sha1_base64="zqm8DdccuSExdtZyKfsvArj8pz8="></latexit>

m2
✓V

M2
P

⇠ S3
Ve

�SV

V2

<latexit sha1_base64="oFxoVrpR906Bmxef/6Ptp7nD5RU="></latexit>

m2
✓b

M2
P

⇠ S3
b e

�Sb

V2

<latexit sha1_base64="w9pPwTCygpyOjYFwt07p3miVLfY="></latexit>

m2
✓f

M2
P

⇠
S3
fe

�Sf

V2

db (gmin,Amin)

db (gmax,Amax)

df (gmin,Amin)

df (gmax,Amax)

0.0 0.2 0.4 0.6 0.8 1.0

10-23

10-22

10-21

10-20

ΩFDM
ΩDM

m
FD
M

[e
V]

Af=Ab

<latexit sha1_base64="CbSnBModNfOsPQb+Vg8auWYxIEg=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0lU1GPRi8cK9gPaUDbbSbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo1hwZXUul2wAxIEUMDBUpoJxpYFEhoBaPbqd96Am2Eih9wnIAfsUEsQsEZWqnZxSEg65UrbtWdgS4TLycVkqPeK391+4qnEcTIJTOm47kJ+hnTKLiESambGkgYH7EBdCyNWQTGz2bXTuiJVfo0VNpWjHSm/p7IWGTMOApsZ8RwaBa9qfif10kxvPYzEScpQszni8JUUlR0+jrtCw0c5dgSxrWwt1I+ZJpxtAGVbAje4svLpHlW9S6r5/cXldpNHkeRHJFjcko8ckVq5I7USYNw8kieySt5c5Tz4rw7H/PWgpPPHJI/cD5/AKaTjzA=</latexit>

✓
<latexit sha1_base64="CbSnBModNfOsPQb+Vg8auWYxIEg=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0lU1GPRi8cK9gPaUDbbSbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo1hwZXUul2wAxIEUMDBUpoJxpYFEhoBaPbqd96Am2Eih9wnIAfsUEsQsEZWqnZxSEg65UrbtWdgS4TLycVkqPeK391+4qnEcTIJTOm47kJ+hnTKLiESambGkgYH7EBdCyNWQTGz2bXTuiJVfo0VNpWjHSm/p7IWGTMOApsZ8RwaBa9qfif10kxvPYzEScpQszni8JUUlR0+jrtCw0c5dgSxrWwt1I+ZJpxtAGVbAje4svLpHlW9S6r5/cXldpNHkeRHJFjcko8ckVq5I7USYNw8kieySt5c5Tz4rw7H/PWgpPPHJI/cD5/AKaTjzA=</latexit>

✓
<latexit sha1_base64="CbSnBModNfOsPQb+Vg8auWYxIEg=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0lU1GPRi8cK9gPaUDbbSbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo1hwZXUul2wAxIEUMDBUpoJxpYFEhoBaPbqd96Am2Eih9wnIAfsUEsQsEZWqnZxSEg65UrbtWdgS4TLycVkqPeK391+4qnEcTIJTOm47kJ+hnTKLiESambGkgYH7EBdCyNWQTGz2bXTuiJVfo0VNpWjHSm/p7IWGTMOApsZ8RwaBa9qfif10kxvPYzEScpQszni8JUUlR0+jrtCw0c5dgSxrWwt1I+ZJpxtAGVbAje4svLpHlW9S6r5/cXldpNHkeRHJFjcko8ckVq5I7USYNw8kieySt5c5Tz4rw7H/PWgpPPHJI/cD5/AKaTjzA=</latexit>

✓
<latexit sha1_base64="CbSnBModNfOsPQb+Vg8auWYxIEg=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0lU1GPRi8cK9gPaUDbbSbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo1hwZXUul2wAxIEUMDBUpoJxpYFEhoBaPbqd96Am2Eih9wnIAfsUEsQsEZWqnZxSEg65UrbtWdgS4TLycVkqPeK391+4qnEcTIJTOm47kJ+hnTKLiESambGkgYH7EBdCyNWQTGz2bXTuiJVfo0VNpWjHSm/p7IWGTMOApsZ8RwaBa9qfif10kxvPYzEScpQszni8JUUlR0+jrtCw0c5dgSxrWwt1I+ZJpxtAGVbAje4svLpHlW9S6r5/cXldpNHkeRHJFjcko8ckVq5I7USYNw8kieySt5c5Tz4rw7H/PWgpPPHJI/cD5/AKaTjzA=</latexit>

✓

type IIB closed string axions, WGC & Fuzzy Dark Matter

FDM from C4 axion

Figure 3: Allowed percentages of axionic DM as a function of the axion decay constants.
The coloured areas satisfy the constraint ⌦bh2

0.112 +
⌦fh2

0.112  1. The blue and yellow areas refer
to regions where ultralight axionic DM represents different percentages of the total amount
of DM of the universe. The green area identifies the region where we have two FDM axions.
The black line is given by q = fb/ff =

p
2.

This result highlights that we can face two opposite scenarios. Isotropic compactification
(q '

p
2) implies that the two axions have similar masses and represent similar percentages

of DM. On the other hand, given the exponential sensitivity of ⌦b
⌦f

on the parameter q,
in anisotropic compactifications (q ⌧ 1 or q � 1) just one axion can play the rôle of the
FDM particle. As already mentioned in the previous sections, also in case of nearly isotropic
compactifications, the heavier axion will naturally represent the higher fraction of DM. Let
us consider for W0, and Ai, i = b, f , the same parameter range as described in Table 2.
Moreover, given that the mass range of the two particles will follow the same behaviour as
in the Swiss-cheese geometry, we us focus on the case where Nf = Nb = 1. Also considering
the whole parameter space, we can already dramatically restrict the predictions for the
allowed decay constants. The results of this analysis are represented in Fig. 3.

From this plot, we can identify the narrow region where we have two suitable FDM
candidates. Let us now fix the decay constant ratio q in order to inspect the green central
area and understand what will be the composition and the mass of the two axions. The
results obtained fixing q =

p
2 are represented in Fig. 4. If we fix Ab = Af , we find two

– 17 –
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<latexit sha1_base64="oeHxkUJom4SJ7bT7MgXCdTod0e8=">AAAB/3icbVBNS8NAFHypX7V+VQUvXhaL4KkktajHghcvQkXbCk0om+2mXbqbhN2NUGIO/hUvHhTx6t/w5r9x2+agrQMLw8w83tvxY86Utu1vq7C0vLK6VlwvbWxube+Ud/faKkokoS0S8Uje+1hRzkLa0kxzeh9LioXPaccfXU78zgOVikXhnR7H1BN4ELKAEayN1Csf3AauYgK5gcQkPc3SWoaue81euWJX7SnQInFyUoEcJv/l9iOSCBpqwrFSXceOtZdiqRnhNCu5iaIxJiM8oF1DQyyo8tLp/Rk6NkofBZE0L9Roqv6eSLFQaix8kxRYD9W8NxH/87qJDi68lIVxomlIZouChCMdoUkZqM8kJZqPDcFEMnMrIkNsmtCmspIpwZn/8iJp16rOWbV+U680ankdRTiEIzgBB86hAVfQhBYQeIRneIU368l6sd6tj1m0YOUz+/AH1ucP/8qVZw==</latexit>

Sf ⇠ 3

2
MP1)

2)
<latexit sha1_base64="7X4S5R6ZTYf0fLytNDSrsyg2EUA=">AAAB/HicbVDLSsNAFL3xWeur2qWbwSK4Kkkt6sJFwY0boaJ9QBvKZDpph04mYWYihBB/xY0LRdz6Ie78G6dtFtp6YOBwzrncO8eLOFPatr+tldW19Y3NwlZxe2d3b790cNhWYSwJbZGQh7LrYUU5E7Slmea0G0mKA4/Tjje5nvqdRyoVC8WDTiLqBngkmM8I1kYalMr3/hXq+xKT9CxLaxm6HTQHpYpdtWdAy8TJSQVymPxXfxiSOKBCE46V6jl2pN0US80Ip1mxHysaYTLBI9ozVOCAKjedHZ+hE6MMkR9K84RGM/X3RIoDpZLAM8kA67Fa9Kbif14v1v6lmzIRxZoKMl/kxxzpEE2bQEMmKdE8MQQTycytiIyxaUKbvoqmBGfxy8ukXas659X6Xb3SqOV1FOAIjuEUHLiABtxAE1pAIIFneIU368l6sd6tj3l0xcpnyvAH1ucPUe+T4A==</latexit>

Sf <
3

2
MP

<latexit sha1_base64="zqm8DdccuSExdtZyKfsvArj8pz8="></latexit>

m2
✓V

M2
P

⇠ S3
Ve

�SV

V2

<latexit sha1_base64="oFxoVrpR906Bmxef/6Ptp7nD5RU="></latexit>

m2
✓b

M2
P

⇠ S3
b e

�Sb

V2

<latexit sha1_base64="w9pPwTCygpyOjYFwt07p3miVLfY="></latexit>

m2
✓f

M2
P

⇠
S3
fe

�Sf

V2

C4

FDM from C4 axion
type IIB closed string axions, WGC & Fuzzy Dark Matter
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FDM from C2 axion
ED1-brane instantons 

ED3/ED1-brane instantons

<latexit sha1_base64="IUcmuad3L9StuvX+m1QRvKAJ8bM=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiSlqMuCCm6EivYBbQiT6aQdOpOEmUmhhP6JGxeKuPVP3Pk3TtsstPXAwOGcc7l3TpBwprTjfFuFtfWNza3idmlnd2//wD48aqk4lYQ2Scxj2QmwopxFtKmZ5rSTSIpFwGk7GF3P/PaYSsXi6ElPEuoJPIhYyAjWRvJt+9HPbm/cadhTTKB7v+HbZafizIFWiZuTMuQw+a9ePyapoJEmHCvVdZ1EexmWmhFOp6VeqmiCyQgPaNfQCAuqvGx++RSdGaWPwliaF2k0V39PZFgoNRGBSQqsh2rZm4n/ed1Uh1dexqIk1TQii0VhypGO0awG1GeSEs0nhmAimbkVkSGWmGhTVsmU4C5/eZW0qhX3olJ7qJXr1byOIpzAKZyDC5dQhztoQBMIjOEZXuHNyqwX6936WEQLVj5zDH9gff4AYg+Szw==</latexit>

SED1f ⇠ MP

<latexit sha1_base64="T37id8axlGE4ChEh3bUwQgI8ZgY=">AAACFnicbVDLSsNAFJ3UV62vqks3g0VwoTVpi7osqOBGqGgf0MQwmU7aoZOHMxOhhHyFG3/FjQtF3Io7/8ZJm4W2Hhg4nHMuc+9xQkaF1PVvLTc3v7C4lF8urKyurW8UN7daIog4Jk0csIB3HCQIoz5pSioZ6YScIM9hpO0Mz1K//UC4oIF/K0chsTzU96lLMZJKsouHN3Z8cV5NXFNQD5rinsu4b4vEPDA9JAcYsbiV3MXGUTW5sht2saSX9THgLDEyUgIZVP7L7AU48ogvMUNCdA09lFaMuKSYkaRgRoKECA9Rn3QV9ZFHhBWPz0rgnlJ60A24er6EY/X3RIw8IUaeo5LprmLaS8X/vG4k3VMrpn4YSeLjyUduxKAMYNoR7FFOsGQjRRDmVO0K8QBxhKVqsqBKMKZPniWtStk4Lteua6V6JasjD3bALtgHBjgBdXAJGqAJMHgEz+AVvGlP2ov2rn1Mojktm9kGf6B9/gAJBp8/</latexit>

SED3f ⇠ p
gs V1/3MP

See e.g. [Grimm ’08] [Cicoli, Schachner, Shukla ’21]

C4

C2
(ED3/ED1)

C2
(ED1)

KKLT

C2
(ED1)

LVS

type IIB closed string axions, WGC & Fuzzy Dark Matter

LVS
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FDM from thraxions

<latexit sha1_base64="QsARngO0rosMuB5b2O827G/7cjA=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hqrfVW8KK3FuwHtKFstpt27WYTdjdCKf0FXjwo4tWf5M1/4zaNoKIPBh7vzTAzz485U9pxPqzcyura+kZ+s7C1vbO7V9w/aKsokYS2SMQj2fWxopwJ2tJMc9qNJcWhz2nHn1wt/M49lYpF4lZPY+qFeCRYwAjWRmreDIolxz533MuqgxzbSZGSmnvmIjdTSpChMSi+94cRSUIqNOFYqZ7rxNqbYakZ4XRe6CeKxphM8Ij2DBU4pMqbpYfO0YlRhiiIpCmhUap+n5jhUKlp6JvOEOux+u0txL+8XqKDmjdjIk40FWS5KEg40hFafI2GTFKi+dQQTCQztyIyxhITbbIpmBC+PkX/k3bZdqt2pVkp1ctZHHk4gmM4BRcuoA7X0IAWEKDwAE/wbN1Zj9aL9bpszVnZzCH8gPX2Cc6UjOg=</latexit>

I

<latexit sha1_base64="n+L7cYSxKtRoQkoIbrkDkwh18PQ=">AAACAHicdVDLSsNAFJ34rPUVdeHCzWARXIWkLdruCm50V6l9QJOWyXTSDp1MwsxEKCEbf8WNC0Xc+hnu/BunD8HngQuHc+7l3nv8mFGpbPvdWFpeWV1bz23kN7e2d3bNvf2WjBKBSRNHLBIdH0nCKCdNRRUjnVgQFPqMtP3xxdRv3xIhacRv1CQmXoiGnAYUI6WlvnnY6KWlzMURH8Ir6CoaEgkbvWLfLNiWXa3YpSr8TRzLnqEAFqj3zTd3EOEkJFxhhqTsOnasvBQJRTEjWd5NJIkRHqMh6WrKkV7kpbMHMniilQEMIqGLKzhTv06kKJRyEvq6M0RqJH96U/Evr5uooOKllMeJIhzPFwUJgyqC0zTggAqCFZtogrCg+laIR0ggrHRmeR3C56fwf9IqWs6ZVb4uF2rFRRw5cASOwSlwwDmogUtQB02AQQbuwSN4Mu6MB+PZeJm3LhmLmQPwDcbrB6rTlco=</latexit>

S3 ⇠= I ⇥ S2
<latexit sha1_base64="xIl0kj4jdki/r0C5WiEs9vBS4As="></latexit>

m2

M2
P

⇠ gs !3

log(!�1)3/4V2/3M2
⇥ Vmod.stab.

<latexit sha1_base64="1X2nVZIT423z7+3w/PU5+e46UH4="></latexit>

!3
IR ⇠ e�

2⇡K
gsM = e�Seff

<latexit sha1_base64="a+aY/ODX9dwNEqixtJZXM2/fVLY=">AAAB8nicdVDLSgNBEJyNrxhfUY9eBoPgaZldkpjcAl48RjEPSJYwO5kkQ2Z3lpleJYR8hhcPinj1a7z5N04egooWNBRV3XR3hYkUBgj5cDJr6xubW9nt3M7u3v5B/vCoaVSqGW8wJZVuh9RwKWLeAAGStxPNaRRK3grHl3O/dce1ESq+hUnCg4gOYzEQjIKVOt0bMRwB1Vrd9/IF4hK/Uir6mLh+iVS9qiUl4lXLRey5ZIECWqHey793+4qlEY+BSWpMxyMJBFOqQTDJZ7luanhC2ZgOecfSmEbcBNPFyTN8ZpU+HihtKwa8UL9PTGlkzCQKbWdEYWR+e3PxL6+TwqASTEWcpMBjtlw0SCUGhef/477QnIGcWEKZFvZWzEZUUwY2pZwN4etT/D9p+q5XdovXxULNX8WRRSfoFJ0jD12gGrpCddRADCn0gJ7QswPOo/PivC5bM85q5hj9gPP2Cfcoka4=</latexit>)
<latexit sha1_base64="uDS1lcSvecihH1Gd+6G79ZnQmE0="></latexit>

Se↵fe↵ ⇠ 3⇡K
p
gs V1/3

MP

C4

T
(LVS)

C2
(ED3/ED1)

C2
(ED1)

KKLT

C2
(ED1)

LVS
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FDM from thraxions

<latexit sha1_base64="QsARngO0rosMuB5b2O827G/7cjA=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hqrfVW8KK3FuwHtKFstpt27WYTdjdCKf0FXjwo4tWf5M1/4zaNoKIPBh7vzTAzz485U9pxPqzcyura+kZ+s7C1vbO7V9w/aKsokYS2SMQj2fWxopwJ2tJMc9qNJcWhz2nHn1wt/M49lYpF4lZPY+qFeCRYwAjWRmreDIolxz533MuqgxzbSZGSmnvmIjdTSpChMSi+94cRSUIqNOFYqZ7rxNqbYakZ4XRe6CeKxphM8Ij2DBU4pMqbpYfO0YlRhiiIpCmhUap+n5jhUKlp6JvOEOux+u0txL+8XqKDmjdjIk40FWS5KEg40hFafI2GTFKi+dQQTCQztyIyxhITbbIpmBC+PkX/k3bZdqt2pVkp1ctZHHk4gmM4BRcuoA7X0IAWEKDwAE/wbN1Zj9aL9bpszVnZzCH8gPX2Cc6UjOg=</latexit>

I

<latexit sha1_base64="n+L7cYSxKtRoQkoIbrkDkwh18PQ=">AAACAHicdVDLSsNAFJ34rPUVdeHCzWARXIWkLdruCm50V6l9QJOWyXTSDp1MwsxEKCEbf8WNC0Xc+hnu/BunD8HngQuHc+7l3nv8mFGpbPvdWFpeWV1bz23kN7e2d3bNvf2WjBKBSRNHLBIdH0nCKCdNRRUjnVgQFPqMtP3xxdRv3xIhacRv1CQmXoiGnAYUI6WlvnnY6KWlzMURH8Ir6CoaEgkbvWLfLNiWXa3YpSr8TRzLnqEAFqj3zTd3EOEkJFxhhqTsOnasvBQJRTEjWd5NJIkRHqMh6WrKkV7kpbMHMniilQEMIqGLKzhTv06kKJRyEvq6M0RqJH96U/Evr5uooOKllMeJIhzPFwUJgyqC0zTggAqCFZtogrCg+laIR0ggrHRmeR3C56fwf9IqWs6ZVb4uF2rFRRw5cASOwSlwwDmogUtQB02AQQbuwSN4Mu6MB+PZeJm3LhmLmQPwDcbrB6rTlco=</latexit>

S3 ⇠= I ⇥ S2
<latexit sha1_base64="xIl0kj4jdki/r0C5WiEs9vBS4As="></latexit>

m2

M2
P

⇠ gs !3

log(!�1)3/4V2/3M2
⇥ Vmod.stab.

<latexit sha1_base64="1X2nVZIT423z7+3w/PU5+e46UH4="></latexit>

!3
IR ⇠ e�

2⇡K
gsM = e�Seff

<latexit sha1_base64="a+aY/ODX9dwNEqixtJZXM2/fVLY=">AAAB8nicdVDLSgNBEJyNrxhfUY9eBoPgaZldkpjcAl48RjEPSJYwO5kkQ2Z3lpleJYR8hhcPinj1a7z5N04egooWNBRV3XR3hYkUBgj5cDJr6xubW9nt3M7u3v5B/vCoaVSqGW8wJZVuh9RwKWLeAAGStxPNaRRK3grHl3O/dce1ESq+hUnCg4gOYzEQjIKVOt0bMRwB1Vrd9/IF4hK/Uir6mLh+iVS9qiUl4lXLRey5ZIECWqHey793+4qlEY+BSWpMxyMJBFOqQTDJZ7luanhC2ZgOecfSmEbcBNPFyTN8ZpU+HihtKwa8UL9PTGlkzCQKbWdEYWR+e3PxL6+TwqASTEWcpMBjtlw0SCUGhef/477QnIGcWEKZFvZWzEZUUwY2pZwN4etT/D9p+q5XdovXxULNX8WRRSfoFJ0jD12gGrpCddRADCn0gJ7QswPOo/PivC5bM85q5hj9gPP2Cfcoka4=</latexit>)
<latexit sha1_base64="uDS1lcSvecihH1Gd+6G79ZnQmE0="></latexit>

Se↵fe↵ ⇠ 3⇡K
p
gs V1/3

MP

C4

T
(LVS)

C2
(ED3/ED1)

C2
(ED1)

KKLT

C2
(ED1)

LVS

<latexit sha1_base64="0YIaKL93zSUeS/qD6eiMYZT9aaM="></latexit>

decreasing
Sf < MP
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Constraints on Stringy FDM

FDM particles detectable by next-generation experiments

first detection of ULAs

we can tell which string axion + details on the compactification 

string theory gives perfect candidates

adapted from [Hoof, Marsh ’21]
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21

- 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)  

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


