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Summary

® Fuzzy dark matter (FDM) = free ultralight scalar field DM
* We modified “CLASS” and performed MCMC analysis w/ MontePython

® We considered two models and obtained following constraints:

(1) AFDM model : DM = FDM

m > 10"**1eV  (20)
>107**7eV  (30)

(2) A(F+C)DM model : DM = FDM + CDM

0
f="—"PM 006 (30) for m=10"2eV
QDM

<0.19 (30) for m=10"**"eV

<0.96 (30) for m=10"*°¢eV



Fuzzy Dark Matter (FDM)

® Free scalar field with very small mass : £ = —%((%)2 - %m%z

candidate : axion with negligible self-interaction

¢ “Quantum pressure”
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effective fluid approx.| sound speed : c§ = [1 + ( ma) ]

deviation from CDM on small scales (large k)

e Jeans scale : gravity = pressure

1 m 1/2
ky ~ ( —25 )
1 Mpc \10—4° eV

CMB is sensitive to m < 107*° eV



Independent Variables

e Polar coordinate in phase space

Background : (€24,6)
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[Urefa-Lopez & Gonzalez-Morales (2016)]
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: rapidly oscillating terms



Klein-Gordon eq. & Approximation

Background : Perturbation :
I
5 = 3(wror — wy)Qy of = —g[cos(e —9) + cosf] — = sin(6 — )
1
0 = —3sinf + QFm —|—§e_o‘h’[sin(?9/2) + sin(6 — ¥/2)]
<’U]tot = Z Qw;, wg = — cos 9) ' = —3[sin 6 + sin(f — V)] — [1 — cos(f — I)]w
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w=k*/k> (kj=aVmH :Jeans scale)
approximation :
h : metric perturbation (synchronous gauge)
{cos p,sin p} — {cos, @, sin, p}

(COS* 90) = 1 11— tanh(p? — 902)} (COS ¢>
sine @ ) 2 T \sing * implement into Boltzmann code “CLASS”

P« : cutoff parameter (We chose ¢, = 200) [Blas et al. (2011)]



CMB power spectrum : AFDM model
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CMB power spectrum : A(F+C)DM model
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Constraints : Method

Markov chain Monte Carlo analysis

MontePython

[Audren et al. (2013)]
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parameters likelihood
Planck Likelihood Code
E——
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Constraints : AFDM model

MCMC parameters :

{Qbh27 Qfdmh27 HO7 ln(lOloAs)a Nsy Treios ln(m)}

+ 30 nuisance parameters

Data : Planck 2015 TT, TE, EE, lensing

e plik_dx11dr2_HM_v18_TTTEEE (I = 30 ~ 2508)
e lowl_SMW_70_dx11d_2014_10_03_v5c_Ap (I < 30)

e smica_g30_ftl_full_pp (lensing)

Constraints on mass:

Prior 1o 20 30
-26 < logio(m/ eV) < -22 > -23.6 > -24.1 > -24.9
< -20 > -23.0 > -23.7 > -24.8
<-18 > -22.1 > -23.3 > -24.7

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

(conservative)



Constraints : A(F+C)DM model

{Qth, Qdth, Hy, ln(l()loAS), Ns, Treios f — Qfdm/ﬂdm} (m : fixed)

Constraints on [ = Qrpn/Q2py for each fixed mass
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Appendix : CLASS vs AxionCAMB

AxionCAMB : effective fluid approximation [Hlozek et al. (2013)]

(CAMB - CLASS) / CLASS [%]

OT1T--+- S AR AP AR RATRRIAS == --
_1 -
_2 -
_3 -
—4 -
_5 -
6 - —m = 1e-24eV
m = le-25eV
_7] —— m=le-26eV
0 500 1000 1500 2000 2500




