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Introduction to FDM

[Mocz et al ’19]

[Hu, Barkana and Gruzinov ’00]DM made of ultralight particles

solves the cusp-core problem of WIMPs 
reduces the number of low mass halos 
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Introduction to FDM

[Mocz et al ’19]

[Hu, Barkana and Gruzinov ’00]DM made of ultralight particles

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

eV
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GeV

solves the cusp-core problem of WIMPs 
reduces the number of low mass halos 

Possible sign of the string axiverse?

+ clash with WGC?
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fS & Mp

[Hebecker, Mikhail, Soler ’18]

highly sensitive to extremality bound

[Alonso, Urbano ’17]
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FDM as string axion

Motivated by

• high decay constant
• possible multiple nature of FDM 

Because in string theory [Broadhurst et al ’18]

• plentitude of axions naturally arises in the 4d effective theory
• acquire different masses from different effects (as instantons 

and gaugino condensation)

“nested” solitons

However, they do not come for free! 
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FDM as string axions: effective theory

4d Lagrangian:

FDM abundance:

Axion mass:
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[Cicoli, Goodsell, Ringwald ’12]
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Type IIB axiverse

Closed String
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FDM from C4 axion

Swiss-Cheese Calabi-Yau:
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FDM from C4 axion

Swiss-Cheese Calabi-Yau:
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Fibred Calabi-Yau:

FDM from C4 axion
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Fibred Calabi-Yau:

FDM from C4 axion
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<latexit sha1_base64="n6aS14KZ0ABNSWKf+Ml8B4tPRak=">AAACGXicbVBNS8NAEN34WetX1KOXYBE8lURFvQhFL14ERauFpoTNdmIXNx/uToSy5G948a948aCIRz35b9zWIFp9MPB4b4aZeWEmuELX/bDGxicmp6YrM9XZufmFRXtp+UKluWTQZKlIZSukCgRPoIkcBbQyCTQOBVyG14cD//IWpOJpco79DDoxvUp4xBlFIwW2GwXaxx4gDXTEQwlFse9HkjJ9HGSF9tWNRL1ZnH27gV1z6+4Qzl/ilaRGSpwE9pvfTVkeQ4JMUKXanpthR1OJnAkoqn6uIKPsml5B29CExqA6evhZ4awbpetEqTSVoDNUf05oGivVj0PTGVPsqVFvIP7ntXOM9jqaJ1mOkLCvRVEuHEydQUxOl0tgKPqGUCa5udVhPWpyQRNm1YTgjb78l1xs1r2d+tbpdq1xUMZRIatkjWwQj+ySBjkiJ6RJGLkjD+SJPFv31qP1Yr1+tY5Z5cwK+QXr/RNWcqJk</latexit>

f✓fibre =
Mpp
2Sfibre

<latexit sha1_base64="+/3fcutc6gtqan8Z6qZO4okxr5s="></latexit>

m2
✓big =

4S3
bigAbigW0e�Sbig

V2
M2

p

<latexit sha1_base64="EbFDapPiCMQ5pmJftiDqPy47Hwg="></latexit>

m2
✓fibre

=
8S3

fibreAfibreW0e�Sfibre

V2
M2

p
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FDM from C4 axion: comment on results

Assumptions:

Main outcomes:

• standard values for
• allow for a huge range of parameters
• ignore self-interaction

<latexit sha1_base64="pEYxMI/J1oma0ctYTWlRmdL7z2Y=">AAAB+nicdVDLSsNAFJ3UV62vVJduBovgIoSkirqsunFZwT6gCWEynbRDJ5MwM1FK7Ke4caGIW7/EnX/jpK3g88DlHs65l7lzwpRRqRzn3SgtLC4tr5RXK2vrG5tbZnW7LZNMYNLCCUtEN0SSMMpJS1HFSDcVBMUhI51wdFH4nRsiJE34tRqnxI/RgNOIYqS0FJjVQSAt6FnwLKCWZ3UCJzBrjl13CsDfxLWn3amBOZqB+eb1E5zFhCvMkJQ910mVnyOhKGZkUvEySVKER2hAeppyFBPp59PTJ3BfK30YJUIXV3Cqft3IUSzlOA71ZIzUUP70CvEvr5ep6NTPKU8zRTiePRRlDKoEFjnAPhUEKzbWBGFB9a0QD5FAWOm0KjqEz5/C/0m7brvH9uHVUa1xPo+jDHbBHjgALjgBDXAJmqAFMLgF9+ARPBl3xoPxbLzMRkvGfGcHfIPx+gF2c5Iz</latexit>

gs, Ai, W0

• small overall volumes
• high KK scales
• for multiple FDM models: heavier axions give higher 

<latexit sha1_base64="x3OXQ4PhZiYil3Ns5HcN1CoEXJU=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4GmaqqMuiG5cV7AOmQ8mkmTY0kwzJHaEM/Qw3LhRx69e482/MtBV8Xgg5nHMv99wTpYIb8Lx3p7S0vLK6Vl6vbGxube9Ud/faRmWashZVQuluRAwTXLIWcBCsm2pGkkiwTjS+KvTOHdOGK3kLk5SFCRlKHnNKwFJBLyEwokTk7Wm/WvPculcU/g18d/Z7NbSoZr/61hsomiVMAhXEmMD3UghzooFTwaaVXmZYSuiYDFlgoSQJM2E+szzFR5YZ4Fhp+yTgGft1IieJMZMksp2FRfNTK8i/tCCD+CLMuUwzYJLOF8WZwKBwcT8ecM0oiIkFhGpuvWI6IppQsClVbAifl+L/Qbvu+mfuyc1prXG5iKOMDtAhOkY+OkcNdI2aqIUoUugePaInB5wH59l5mbeWnMXMPvpWzusHm5GReg==</latexit>V
<latexit sha1_base64="iQoC9nHHeEYgwDXpyinMoo4T8FM=">AAAB9HicdVDLSgMxFL1TX7W+qi7dBIvgapipz2XRjcsK9gHtWDJp2oYmmTHJFMrQ73DjQhG3fow7/8ZMW8Hngcs9nHMvuTlhzJk2nvfu5BYWl5ZX8quFtfWNza3i9k5dR4kitEYiHqlmiDXlTNKaYYbTZqwoFiGnjXB4mfmNEVWaRfLGjGMaCNyXrMcINlYK2poJ5Hu3qX8yQZ1iyXPLXgb0m/jutHslmKPaKb61uxFJBJWGcKx1y/diE6RYGUY4nRTaiaYxJkPcpy1LJRZUB+n06Ak6sEoX9SJlSxo0Vb9upFhoPRahnRTYDPRPLxP/8lqJ6Z0HKZNxYqgks4d6CUcmQlkCqMsUJYaPLcFEMXsrIgOsMDE2p4IN4fOn6H9SL7v+qXt0fVyqXMzjyMMe7MMh+HAGFbiCKtSAwB3cwyM8OSPnwXl2XmajOWe+swvf4Lx+ACRKkQw=</latexit>

⇠ 1015 GeV <latexit sha1_base64="eyr4DfIUMnXFHy5bUMgCpqBtPYs=">AAACCXicdVDLSsQwFE19juOr6tJNcBBclXYUdTmoiBtxBOcB01LSTDoTJk1LkgpD6daNv+LGhSJu/QN3/o3pzCg+D4Sce869JPcECaNS2fabMTU9Mzs3X1ooLy4tr6yaa+tNGacCkwaOWSzaAZKEUU4aiipG2okgKAoYaQWD48JvXRMhacyv1DAhXoR6nIYUI6Ul34RuKBDO3IuI9JCfnZ6c5/lnVRS+WbGtql0A/iaONbrtCpig7puvbjfGaUS4wgxJ2XHsRHkZEopiRvKym0qSIDxAPdLRlKOISC8bbZLDba10YRgLfbiCI/XrRIYiKYdRoDsjpPryp1eIf3mdVIWHXkZ5kirC8fihMGVQxbCIBXapIFixoSYIC6r/CnEf6WiUDq+sQ/jYFP5PmlXL2bd2L/cqtaNJHCWwCbbADnDAAaiBM1AHDYDBDbgDD+DRuDXujSfjedw6ZUxmNsA3GC/v8YWagQ==</latexit>

⌦FDM

⌦DM

<latexit sha1_base64="XasXrYwYP6CJTZvtewAVgXVX1cE=">AAAB/3icdVDLSsNAFJ34rPUVFdy4GSyCq5imoi5Eim5cVrAPaNIwmU7aoZNJmJkIJXbhr7hxoYhbf8Odf+OkreDzwDCHc+7l3nuChFGpbPvdmJmdm19YLCwVl1dW19bNjc2GjFOBSR3HLBatAEnCKCd1RRUjrUQQFAWMNIPBRe43b4iQNObXapgQL0I9TkOKkdKSb26fIj+jfNRxzlxJI+gmtOMcVHyzZFuOnQP+JmVr/NslMEXNN9/cbozTiHCFGZKyXbYT5WVIKIoZGRXdVJIE4QHqkbamHEVEetl4/xHc00oXhrHQjys4Vr92ZCiSchgFujJCqi9/ern4l9dOVXji6fOSVBGOJ4PClEEVwzwM2KWCYMWGmiAsqN4V4j4SCCsdWVGH8Hkp/J80HKt8ZFWuDkvV82kcBbADdsE+KINjUAWXoAbqAINbcA8ewZNxZzwYz8bLpHTGmPZsgW8wXj8AdxeVGg==</latexit>

< a2in >⇠ ⇡2/3
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FDM from thraxions

<latexit sha1_base64="jWQoBGF14dthQAhX5F9BdTOvyrE="></latexit>

f ⇠ 3 gsMp
2V1/3

Mp

<latexit sha1_base64="rS/IMEsaqWGAdk5PCU3xssO3NdU=">AAACCnicdVDLSsNAFJ34rPUVdelmtAguJCRV1GXRjSBCRfuAJoTJdNIOnUnCzEQoIWs3/oobF4q49Qvc+TdO2go+D1zu4Zx7mbknSBiVyrbfjanpmdm5+dJCeXFpeWXVXFtvyjgVmDRwzGLRDpAkjEakoahipJ0IgnjASCsYnBZ+64YISePoWg0T4nHUi2hIMVJa8s2tK1dSDt1QIJxVoZtQ6O7B8zzr+bJgF7lvVmyraheAv4ljjbpdARPUffPN7cY45SRSmCEpO46dKC9DQlHMSF52U0kShAeoRzqaRogT6WWjU3K4o5UuDGOhK1JwpH7dyBCXcsgDPcmR6sufXiH+5XVSFR57GY2SVJEIjx8KUwZVDItcYJcKghUbaoKwoPqvEPeRTkXp9Mo6hM9L4f+kWbWcQ2v/8qBSO5nEUQKbYBvsAgccgRo4A3XQABjcgnvwCJ6MO+PBeDZexqNTxmRnA3yD8foBk9OY6w==</latexit>

S ⇠ 2⇡K

gs M

<latexit sha1_base64="FeexEYY8nzRL4QxVONpENfg4a40="></latexit>

m2 ⇠ 2e�2S

p
3M2V2/3S3/2

M2
p

K, M = flux numbers

[Hebecker, Leonhardt, Moritz, Westphal ’19]
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FDM from thraxions

�=106, gs=0.1

�=106, gs=0.01

�=106, gs=0.1

�=108, gs=0.1
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<latexit sha1_base64="jWQoBGF14dthQAhX5F9BdTOvyrE="></latexit>

f ⇠ 3 gsMp
2V1/3

Mp

<latexit sha1_base64="rS/IMEsaqWGAdk5PCU3xssO3NdU=">AAACCnicdVDLSsNAFJ34rPUVdelmtAguJCRV1GXRjSBCRfuAJoTJdNIOnUnCzEQoIWs3/oobF4q49Qvc+TdO2go+D1zu4Zx7mbknSBiVyrbfjanpmdm5+dJCeXFpeWXVXFtvyjgVmDRwzGLRDpAkjEakoahipJ0IgnjASCsYnBZ+64YISePoWg0T4nHUi2hIMVJa8s2tK1dSDt1QIJxVoZtQ6O7B8zzr+bJgF7lvVmyraheAv4ljjbpdARPUffPN7cY45SRSmCEpO46dKC9DQlHMSF52U0kShAeoRzqaRogT6WWjU3K4o5UuDGOhK1JwpH7dyBCXcsgDPcmR6sufXiH+5XVSFR57GY2SVJEIjx8KUwZVDItcYJcKghUbaoKwoPqvEPeRTkXp9Mo6hM9L4f+kWbWcQ2v/8qBSO5nEUQKbYBvsAgccgRo4A3XQABjcgnvwCJ6MO+PBeDZexqNTxmRnA3yD8foBk9OY6w==</latexit>

S ⇠ 2⇡K

gs M

<latexit sha1_base64="FeexEYY8nzRL4QxVONpENfg4a40="></latexit>

m2 ⇠ 2e�2S

p
3M2V2/3S3/2

M2
p

K, M = flux numbers

fixed M=10

[Hebecker, Leonhardt, Moritz, Westphal ’19]
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FDM from thraxions: comment on results

Assumptions:

Main outcomes:
• low warped KK modes,     10 TeV  (work in progress)
• predictions not spoiled by Kahler moduli coupling (work in progress with Carta, 

Mininno, Westphal)
• insensitive to moduli stabilisation procedure (LVS & KKLT)
• preference for big 

• hierarchy among flux numbers 

<latexit sha1_base64="rmUXNFyXo6JnpyO4Cl9hzPbArqo=">AAACCXicdVDLSsNAFJ3UV62vqks3g0VwFdIq6rLoRpBCBfuAJoTJdJIOnTycuRFKyNaNv+LGhSJu/QN3/o3Th+DzwOUezrmXmXu8RHAFlvVuFObmFxaXisulldW19Y3y5lZbxamkrEVjEcuuRxQTPGIt4CBYN5GMhJ5gHW94NvY7N0wqHkdXMEqYE5Ig4j6nBLTklnED2wFoP8S2upaQ2b4kNLvIs8BVuJHnbrlimTVrDPybVM1JtypohqZbfrP7MU1DFgEVRKle1UrAyYgETgXLS3aqWELokASsp2lEQqacbHJJjve00sd+LHVFgCfq142MhEqNQk9PhgQG6qc3Fv/yein4J07GoyQFFtHpQ34qMMR4HAvuc8koiJEmhEqu/4rpgOgoQIdX0iF8Xor/J+2aWT0yDy4PK/XTWRxFtIN20T6qomNUR+eoiVqIolt0jx7Rk3FnPBjPxst0tGDMdrbRNxivH9FGmm8=</latexit>

M &
s

K

gsM

(purpose: suppress short wavelength instantons, use mild WGC)

<latexit sha1_base64="x3OXQ4PhZiYil3Ns5HcN1CoEXJU=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4GmaqqMuiG5cV7AOmQ8mkmTY0kwzJHaEM/Qw3LhRx69e482/MtBV8Xgg5nHMv99wTpYIb8Lx3p7S0vLK6Vl6vbGxube9Ud/faRmWashZVQuluRAwTXLIWcBCsm2pGkkiwTjS+KvTOHdOGK3kLk5SFCRlKHnNKwFJBLyEwokTk7Wm/WvPculcU/g18d/Z7NbSoZr/61hsomiVMAhXEmMD3UghzooFTwaaVXmZYSuiYDFlgoSQJM2E+szzFR5YZ4Fhp+yTgGft1IieJMZMksp2FRfNTK8i/tCCD+CLMuUwzYJLOF8WZwKBwcT8ecM0oiIkFhGpuvWI6IppQsClVbAifl+L/Qbvu+mfuyc1prXG5iKOMDtAhOkY+OkcNdI2aqIUoUugePaInB5wH59l5mbeWnMXMPvpWzusHm5GReg==</latexit>V

<latexit sha1_base64="//6T7f4phwUgV5MiAzf2E5EBxsc=">AAAB7HicdVDLSgMxFL1TX7W+qi7dBIvgapipoi6LblxWcNpCO5RMmmlDk8yQZIQy9BvcuFDErR/kzr8x01bweSDkcM693HtPlHKmjee9O6Wl5ZXVtfJ6ZWNza3unurvX0kmmCA1IwhPVibCmnEkaGGY47aSKYhFx2o7GV4XfvqNKs0TemklKQ4GHksWMYGOloKeZqPSrNc+tewXQb+K7s9+rwQLNfvWtN0hIJqg0hGOtu76XmjDHyjDC6bTSyzRNMRnjIe1aKrGgOsxny07RkVUGKE6UfdKgmfq1I8dC64mIbKXAZqR/eoX4l9fNTHwR5kymmaGSzAfFGUcmQcXlaMAUJYZPLMFEMbsrIiOsMDE2nyKEz0vR/6RVd/0z9+TmtNa4XMRRhgM4hGPw4RwacA1NCIAAg3t4hCdHOg/Os/MyLy05i559+Abn9QNgwI5p</latexit>⇠
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Pheno constraints from stringy FDM

thraxion

inflationary scale

tensor-to-scalar ratio 

<latexit sha1_base64="OMf/czugnZUDgamjM8Yx80fS9gE=">AAAB6nicdVDLSgMxFL3xWeur6tJNsAiuhpla1GWxG5cV7QPaoWTSTBuayQxJRihDP8GNC0Xc+kXu/BszbQWfB0IO59zLvfcEieDauO47WlpeWV1bL2wUN7e2d3ZLe/stHaeKsiaNRaw6AdFMcMmahhvBOoliJAoEawfjeu6375jSPJa3ZpIwPyJDyUNOibHSTb1f7ZfKrlNxc+DfxHNmv1uGBRr90ltvENM0YtJQQbTuem5i/Iwow6lg02Iv1SwhdEyGrGupJBHTfjZbdYqPrTLAYazskwbP1K8dGYm0nkSBrYyIGemfXi7+5XVTE174GZdJapik80FhKrCJcX43HnDFqBETSwhV3O6K6YgoQo1Np2hD+LwU/09aFcc7c06vq+Xa5SKOAhzCEZyAB+dQgytoQBMoDOEeHuEJCfSAntHLvHQJLXoO4BvQ6wfKyY18</latexit>

C4

<latexit sha1_base64="vVQKbk3FRQ/kynrFrpM0FKbeYnA=">AAACA3icdVDLSsNAFJ34rPUVdaebwSK4CkkVdeGi6MK6q2Af0MYwmU7aoTNJmJmIJQTc+CtuXCji1p9w5984aSv4PHC5h3PuZeYeP2ZUKtt+N6amZ2bn5gsLxcWl5ZVVc229IaNEYFLHEYtEy0eSMBqSuqKKkVYsCOI+I01/cJr7zWsiJI3CSzWMictRL6QBxUhpyTM3q945hMfQsa9Sp5zBDvejmxSekUbmmSXbKts54G/iWKNul8AENc9863QjnHASKsyQlG3HjpWbIqEoZiQrdhJJYoQHqEfamoaIE+mmoxsyuKOVLgwioStUcKR+3UgRl3LIfT3JkerLn14u/uW1ExUcuSkN40SREI8fChIGVQTzQGCXCoIVG2qCsKD6rxD3kUBY6diKOoTPS+H/pFG2nANr72K/VDmZxFEAW2Ab7AIHHIIKqIIaqAMMbsE9eARPxp3xYDwbL+PRKWOyswG+wXj9ALVdla8=</latexit>

HI < 1012 GeV
<latexit sha1_base64="lFRP5CoE20VMrysLDN8D3411ZZc=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBbBVUhaURcuii6suwr2AW0Mk+m0HTqThJmJWELAjb/ixoUibv0Jd/6Nk7aCzwOXezjnXmbu8SNGpbLtdyM3Mzs3v5BfLCwtr6yumesbDRnGApM6DlkoWj6ShNGA1BVVjLQiQRD3GWn6w9PMb14TIWkYXKpRRFyO+gHtUYyUljxzq+qdQ3gMHfsqccop7HA/vEngGWmknlm0rZKdAf4mjjXudhFMUfPMt043xDEngcIMSdl27Ei5CRKKYkbSQieWJEJ4iPqkrWmAOJFuMr4hhbta6cJeKHQFCo7VrxsJ4lKOuK8nOVID+dPLxL+8dqx6R25CgyhWJMCTh3oxgyqEWSCwSwXBio00QVhQ/VeIB0ggrHRsBR3C56Xwf9IoWc6BVb7YL1ZOpnHkwTbYAXvAAYegAqqgBuoAg1twDx7Bk3FnPBjPxstkNGdMdzbBNxivH7bulbA=</latexit>

HI < 1013 GeV

<latexit sha1_base64="o6fYbADT0rDcLUKpSObSdHPVHMo=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCG4eZVtRl0Y3LCvYB7Vgy6Z02NJMZkoxQh+KvuHGhiFv/w51/Y/oQfB643MM595KbEyScKe2671Zubn5hcSm/XFhZXVvfsDe36ipOJYUajXksmwFRwJmAmmaaQzORQKKAQyMYnI/9xg1IxWJxpYcJ+BHpCRYySrSROvaOxLjNQSnFIuy519lheYQ7dtF1Su4Y+DfxnEl3i2iGasd+a3djmkYgNOVEqZbnJtrPiNSMchgV2qmChNAB6UHLUEEiUH42uX6E943SxWEsTQmNJ+rXjYxESg2jwExGRPfVT28s/uW1Uh2e+hkTSapB0OlDYcqxjvE4CtxlEqjmQ0MIlczcimmfSEK1CaxgQvj8Kf6f1EuOd+yUL4+KlbNZHHm0i/bQAfLQCaqgC1RFNUTRLbpHj+jJurMerGfrZTqas2Y72+gbrNcPY0qT5g==</latexit>

r . 10�3
<latexit sha1_base64="U5hm7D2x+3/i0BjG9jvDP2ZNwXc=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCG4eZ+lwW3bisYB/QjiWT3rahmcyQZIQ6FH/FjQtF3Pof7vwbM20Fnwcu93DOveTmBDFnSrvuu5WbmZ2bX8gvFpaWV1bX7PWNmooSSaFKIx7JRkAUcCagqpnm0IglkDDgUA8G55lfvwGpWCSu9DAGPyQ9wbqMEm2ktr0lMW5xUEqxEHvudbp/NMJtu+g6JTcD/k08Z9zdIpqi0rbfWp2IJiEITTlRqum5sfZTIjWjHEaFVqIgJnRAetA0VJAQlJ+Orx/hXaN0cDeSpoTGY/XrRkpCpYZhYCZDovvqp5eJf3nNRHdP/ZSJONEg6OShbsKxjnAWBe4wCVTzoSGESmZuxbRPJKHaBFYwIXz+FP9PaiXHO3YOLg+L5bNpHHm0jXbQHvLQCSqjC1RBVUTRLbpHj+jJurMerGfrZTKas6Y7m+gbrNcPZlaT6A==</latexit>

r . 10�5

from experimental constraints on isocurvature perturbations:
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Conclusions

C4 axions:

Thraxions:
• independent on compactifications
• bigger range of masses allowed
• tensor modes detectable with next generation experiments

• masses higher than
• predictions independent on microscopical tuning
• low inflationary scale

Thank you!

<latexit sha1_base64="3/URXFzTXfFmGr3g1S8tE9VRPvs=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgxmGmirosunFZwdZCO5ZMmmlDk8yQZMRhGH/FjQtF3Poh7vwbM20Fnwcu93DOveTmBDGjSrvuu1Wam19YXCovV1ZW19Y37M2ttooSiUkLRyySnQApwqggLU01I51YEsQDRq6C8VnhX90QqWgkLnUaE5+joaAhxUgbqW9XPfc626/Xc9jjQXSbQdLO+3bNdepuAfibeM6kuzUwQ7Nvv/UGEU44ERozpFTXc2PtZ0hqihnJK71EkRjhMRqSrqECcaL8bHJ8DneNMoBhJE0JDSfq140McaVSHphJjvRI/fQK8S+vm+jwxM+oiBNNBJ4+FCYM6ggWScABlQRrlhqCsKTmVohHSCKsTV4VE8LnT+H/pF13vCPn4OKw1jidxVEG22AH7AEPHIMGOAdN0AIYpOAePIIn6856sJ6tl+loyZrtVME3WK8fDfOTxA==</latexit>

10�22 eV


