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Fuzzy Dark Matter (FDM)

• free scalar field with very small mass : L = �1
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• pseudo-NGB with negligible interaction

• non-thermally produced by misalignment mechanism

• small velocity dispersion -> consistent with structure formation

• small scale structure is suppressed => “Fuzzy” [Hu+ (2000)]

• CDM “small scale crisis” resolved? : original motivation for FDM

• ultralight axion in string theory : “string axiverse” [Arvanitaki+ (2010)]

(overabundance of small scale power)



FDM cosmology : background �(t, ~x) = �̄(t) + ��(t, ~x)
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• Klein-Gordon eq. :

�̈+ 3H�̇+m
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• solution

H � m (early) : � = Const.
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H ⌧ m (late) : � = �0a
�3/2 cos(mt) (WKB)
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⇢ = �p = Const. (DE-/inflaton-like : w = p/⇢ = �1)
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(CDM-like)
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Hubble friction



FDM cosmology : background evolution

⇢dm
⇢cr
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“cutoff approx.”
[Ureña-López & Gonzalez-Morales (2016)]



• Klein-Gordon eq. :

FDM cosmology : perturbation �(t, ~x) = �̄(t) + ��(t, ~x)
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effective fluid approx. : average over

• fluid eq. for � ⌘ �⇢/⇢
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• Jeans scale : gravity = pressure

kJ ⇠ 1

1Mpc

⇣ m

10�25 eV
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deviation from CDM on small scales k & kJ
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FDM cosmology : perturbation evolution
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impact on CMB
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CMB TT spectrum : ΛCDM vs Planck
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FDM models

DM = FDM

Λ(F+C)DM model

DM = FDM + CDM

ΛFDM model

* ΛFDM ⊂ Λ(F+C)DM (f = 1)
but # of free parameters are different

6 ΛCDM params. (ΩDM -> ΩFDM)
+ m & f = ΩFDM / ΩDM+ m (FDM mass)

6 ΛCDM params.
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CMB TT spectrum : ΛFDM model
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re

la
tiv

e 
er

ro
r [

%
]

`(
`
+
1)
C

`
/2

⇡
<latexit sha1_base64="lg/EhieiYLlpTrEiGbMdI0ck/Y4="></latexit><latexit sha1_base64="lg/EhieiYLlpTrEiGbMdI0ck/Y4="></latexit><latexit sha1_base64="lg/EhieiYLlpTrEiGbMdI0ck/Y4="></latexit><latexit sha1_base64="lg/EhieiYLlpTrEiGbMdI0ck/Y4="></latexit>



Constraints : Method

MontePython

CLASS Planck Likelihood Code 
(data)

cosmological 
parameters

CMB spectra

likelihood
nuisance 

parameters

[Audren et al. (2013)]

[Blas et al. (2011)]

Fuzzy DM

w/ “cutoff” approx. 
(not using fluid approx.)

TT, TE, EE, lensing

[Ureña-López & Gonzalez-Morales JCAP 07 (2016) 048]

Markov chain Monte Carlo analysis



MCMC parameters :

+ 30 nuisance parameters

{⌦bh
2
, ⌦fdmh

2
, H0, ln(10

10
As), ns, ⌧reio, ln(m)}
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Constraints on mass :

Prior 1σ 2σ 3σ
-26 < log10 (m / eV) < -22 > -23.6 > -24.1 > -24.9
                               < -20 > -23.0 > -23.7 > -24.8
                               < -18 > -22.1 > -23.3 > -24.7

(conservative)

Data : Planck 2015 TT, TE, EE, lensing

(Metropolis-Hastings, ~106 steps, acceptance rate ~ 0.25)

• plik_dx11dr2_HM_v18_TTTEEE (l = 30 ~ 2508) 

• lowl_SMW_70_dx11d_2014_10_03_v5c_Ap (l < 30) 

• smica_g30_ftl_full_pp (lensing)

Constraints : ΛFDM model
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<latexit sha1_base64="GS3alXg8kJrGW7noBJ5TJQ73oj8="></latexit><latexit sha1_base64="GS3alXg8kJrGW7noBJ5TJQ73oj8="></latexit><latexit sha1_base64="GS3alXg8kJrGW7noBJ5TJQ73oj8="></latexit><latexit sha1_base64="GS3alXg8kJrGW7noBJ5TJQ73oj8="></latexit>

f =
⌦FDM

⌦DM<latexit sha1_base64="dxLQ5RbtilHdXebUH/cKNHHlYfE="></latexit><latexit sha1_base64="dxLQ5RbtilHdXebUH/cKNHHlYfE="></latexit><latexit sha1_base64="dxLQ5RbtilHdXebUH/cKNHHlYfE="></latexit><latexit sha1_base64="dxLQ5RbtilHdXebUH/cKNHHlYfE="></latexit>

{⌦bh
2
, ⌦dmh

2
, H0, ln(10

10
As), ns, ⌧reio, f = ⌦fdm/⌦dm}

<latexit sha1_base64="Ieta/kn1J/fBnrIz2ogD3ChknyM="></latexit><latexit sha1_base64="Ieta/kn1J/fBnrIz2ogD3ChknyM="></latexit><latexit sha1_base64="Ieta/kn1J/fBnrIz2ogD3ChknyM="></latexit><latexit sha1_base64="Ieta/kn1J/fBnrIz2ogD3ChknyM="></latexit>

(m : fixed)

Constraints on f = ⌦FDM/⌦DM
<latexit sha1_base64="+Xwfw7Bh80dzMTldaCVr0iYwT/8="></latexit><latexit sha1_base64="+Xwfw7Bh80dzMTldaCVr0iYwT/8="></latexit><latexit sha1_base64="+Xwfw7Bh80dzMTldaCVr0iYwT/8="></latexit><latexit sha1_base64="+Xwfw7Bh80dzMTldaCVr0iYwT/8="></latexit>

Constraints : Λ(F+C)DM model
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Summary

• Fuzzy dark matter (FDM) = free ultralight scalar field DM

• FDM affects small scale perturbations :

• Constraints on FDM models from Planck 2015 data:

(1) ΛFDM model : DM = FDM

(2) Λ(F+C)DM model : DM = FDM + CDM

m > 10�24.1 eV (2�)
<latexit sha1_base64="3h33ztsZmYeW/FUqk7Gg6vxALfc="></latexit><latexit sha1_base64="3h33ztsZmYeW/FUqk7Gg6vxALfc="></latexit><latexit sha1_base64="3h33ztsZmYeW/FUqk7Gg6vxALfc="></latexit><latexit sha1_base64="3h33ztsZmYeW/FUqk7Gg6vxALfc="></latexit>

> 10�24.9 eV (3�)
<latexit sha1_base64="YiA+r2n9G13uWIQ9cDThaWxaigk="></latexit><latexit sha1_base64="YiA+r2n9G13uWIQ9cDThaWxaigk="></latexit><latexit sha1_base64="YiA+r2n9G13uWIQ9cDThaWxaigk="></latexit><latexit sha1_base64="YiA+r2n9G13uWIQ9cDThaWxaigk="></latexit>

f =
⌦FDM

⌦DM
< 0.06 (3�) for m = 10�26 eV

<latexit sha1_base64="VLM/F2RQ4MV1kU2PLj2cYahv+dI="></latexit><latexit sha1_base64="VLM/F2RQ4MV1kU2PLj2cYahv+dI="></latexit><latexit sha1_base64="VLM/F2RQ4MV1kU2PLj2cYahv+dI="></latexit><latexit sha1_base64="VLM/F2RQ4MV1kU2PLj2cYahv+dI="></latexit>

< 0.96 (3�) for m = 10�25 eV
<latexit sha1_base64="l2LBdlVHLT5FsktjojPcpc5Nk7o="></latexit><latexit sha1_base64="l2LBdlVHLT5FsktjojPcpc5Nk7o="></latexit><latexit sha1_base64="l2LBdlVHLT5FsktjojPcpc5Nk7o="></latexit><latexit sha1_base64="l2LBdlVHLT5FsktjojPcpc5Nk7o="></latexit>

< 0.19 (3�) for m = 10�25.5 eV
<latexit sha1_base64="O0eFgoWF2gfn7AYvbKXAk3zq6ss="></latexit><latexit sha1_base64="O0eFgoWF2gfn7AYvbKXAk3zq6ss="></latexit><latexit sha1_base64="O0eFgoWF2gfn7AYvbKXAk3zq6ss="></latexit><latexit sha1_base64="O0eFgoWF2gfn7AYvbKXAk3zq6ss="></latexit>

k & kJ ⇠ 1

1Mpc

⇣ m

10�25 eV

⌘1/2

<latexit sha1_base64="qJqdRswAh44H0Vyqq6lJx1+iHOM="></latexit><latexit sha1_base64="qJqdRswAh44H0Vyqq6lJx1+iHOM="></latexit><latexit sha1_base64="qJqdRswAh44H0Vyqq6lJx1+iHOM="></latexit><latexit sha1_base64="qJqdRswAh44H0Vyqq6lJx1+iHOM="></latexit>


