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Outline

• Ultralight scalar field as a cold dark matter candidate.
𝑛𝑛𝜙𝜙
𝑠𝑠
∼ 1019

10−20eV
𝑚𝑚𝜙𝜙

• Its population can be in the form of coherent oscillation driven by 
misaligned initial amplitude in a flat potential. 

• Classic example: QCD axion ∼ 𝑓𝑓𝑎𝑎 relaxed by instanton potential.
• New idea: Coherent state driven by feeble coupling to thermal 

fermions. 
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• Cold DM density:

• Free field in the FRW universe:

Coherent oscillation as DM

• Scalar field in a coherent 
state=a classical field oscillation. �𝜙𝜙 𝑥𝑥 𝑐𝑐 = 𝜙𝜙 𝑡𝑡

�̈�𝜙 𝑡𝑡 + 3𝐻𝐻�̇�𝜙 𝑡𝑡 + 𝑚𝑚𝜙𝜙
2𝜙𝜙 𝑡𝑡 = 0

𝜌𝜌𝜙𝜙 ∼
𝑚𝑚𝜙𝜙
2𝜙𝜙𝑖𝑖2

𝑚𝑚𝜙𝜙𝑡𝑡
3/2 = 𝜌𝜌𝐷𝐷𝐷𝐷 ⇒ 𝜙𝜙𝑖𝑖 ∼ 0.01 𝑀𝑀𝑝𝑝

10−20eV
𝑚𝑚𝜙𝜙

1/4

�𝜙𝜙(𝑥𝑥) = ∫𝑘𝑘[𝑎𝑎𝑘𝑘𝑒𝑒−𝑖𝑖𝑘𝑘⋅𝑥𝑥 + 𝑎𝑎𝑘𝑘+𝑒𝑒+𝑖𝑖𝑘𝑘⋅𝑥𝑥]

�𝜙𝜙(𝑥𝑥) 𝑐𝑐 = 𝜙𝜙0𝑒𝑒−𝑖𝑖𝑘𝑘0⋅𝑥𝑥 + 𝜙𝜙0+ 𝑒𝑒+𝑖𝑖𝑘𝑘0⋅𝑥𝑥
with 𝑘𝑘0 ≈ (𝑚𝑚𝜙𝜙,𝑚𝑚𝜙𝜙�⃗�𝑣)

𝑇𝑇 = 𝑐𝑐𝑡𝑡 𝑀𝑀𝑃𝑃/2𝑡𝑡

𝑐𝑐𝑡𝑡 = 1.74/𝑔𝑔∗
1/4

𝐻𝐻 ≫ 𝑚𝑚𝜙𝜙 𝑚𝑚𝜙𝜙𝑡𝑡 ≪ 1 ∶ 𝜙𝜙 = 𝜙𝜙𝑖𝑖; �̇�𝜙 = 0

𝐻𝐻 ≪ 𝑚𝑚𝜙𝜙 𝑚𝑚𝜙𝜙𝑡𝑡 ≫ 1 ∶ 𝜙𝜙 ∼ 𝜙𝜙𝑖𝑖
sin 𝑚𝑚𝜙𝜙𝑡𝑡+

𝜋𝜋
8

𝑚𝑚𝜙𝜙𝑡𝑡
3/4
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• Leading thermal effect in 
cosmological evolution: 

Scalar field in thermal background

• Scalar field interacting with 
thermal fermions:

ℒ′ = 𝑦𝑦𝜙𝜙 �𝜙𝜙 ( ̅𝑓𝑓𝑅𝑅𝑓𝑓𝐿𝐿 + ̅𝑓𝑓𝐿𝐿𝑓𝑓𝑅𝑅) �̈�𝜙 𝑡𝑡 + 3𝐻𝐻�̇�𝜙 𝑡𝑡 + 𝑚𝑚𝜙𝜙
2 + 𝑚𝑚𝑇𝑇

2 𝜙𝜙 𝑡𝑡 ≈
𝜕𝜕
𝜕𝜕𝜙𝜙

ℒ′ 𝑇𝑇

 𝑉𝑉𝑇𝑇,eff 𝜙𝜙 = − 𝑔𝑔𝑓𝑓
2𝜋𝜋2

𝑇𝑇4𝐽𝐽𝐹𝐹
𝑚𝑚𝑓𝑓+𝑦𝑦𝜙𝜙𝜙𝜙

2

𝑇𝑇2

Esteban+Salvado, 2101.05804

Batell+Ghalsasi, 2109.04476

Dolan+Jackiw, 
Weinberg, 1974

𝑚𝑚𝑇𝑇
2 =

𝑔𝑔𝑓𝑓
24

𝑦𝑦𝜙𝜙2𝑇𝑇2, ℒ′ 𝑇𝑇= 𝑦𝑦𝜙𝜙𝜙𝜙
𝑔𝑔𝑓𝑓𝑚𝑚𝑓𝑓𝑇𝑇2

24

𝑔𝑔𝑓𝑓 = 4𝑁𝑁𝑐𝑐 2 for 𝑓𝑓 = 𝑞𝑞, 𝑙𝑙 𝜈𝜈
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• Notation:  𝑥𝑥 = 𝑚𝑚𝜙𝜙𝑡𝑡, �𝜙𝜙 = 𝜙𝜙/𝑀𝑀𝑃𝑃,

𝑚𝑚20≡ 𝑚𝑚𝜙𝜙/10−20eV

General features

• Evolution from 𝑇𝑇𝑒𝑒𝑒𝑒 ≈ 100 GeV
down to 𝑇𝑇𝑒𝑒𝑒𝑒 ≈ 0.8 eV.

�𝜙𝜙′′ 𝑥𝑥 +
3
2𝑥𝑥

�𝜙𝜙′ 𝑥𝑥 + 1 +
𝑥𝑥1
𝑥𝑥

�𝜙𝜙 𝑥𝑥 =
𝑥𝑥𝑆𝑆
𝑥𝑥

𝑥𝑥1 ≡ 𝑦𝑦𝜙𝜙2
𝑐𝑐𝑡𝑡2𝑔𝑔𝑓𝑓

48
𝑀𝑀𝑃𝑃
𝑚𝑚𝜙𝜙

, 𝑥𝑥𝑆𝑆 ≡ 𝑦𝑦𝜙𝜙
𝑐𝑐𝑡𝑡2𝑔𝑔𝑓𝑓

48
𝑚𝑚𝑓𝑓

𝑚𝑚𝜙𝜙

• Solution to get 𝑐𝑐𝑓𝑓 or 
the resulting DM density:

𝜌𝜌𝜙𝜙(𝑥𝑥) ≈
𝑐𝑐𝑓𝑓2𝑥𝑥𝑆𝑆2

𝜋𝜋
𝑚𝑚𝜙𝜙
2𝑀𝑀𝑃𝑃

2

𝑥𝑥3/2

𝜌𝜌𝜙𝜙 = 𝜌𝜌𝐷𝐷𝐷𝐷 ⇒ 𝑐𝑐𝑓𝑓2𝑥𝑥𝑆𝑆2 ≈ 2.5 × 10−4𝑚𝑚20
−1/2

𝑥𝑥1 ≈ 5 × 1046 𝑔𝑔𝑓𝑓𝑦𝑦𝜙𝜙2𝑚𝑚20
−1 𝑥𝑥𝑆𝑆 ≈ 1024𝑔𝑔𝑓𝑓𝑦𝑦𝜙𝜙 𝑚𝑚20

−1 𝑚𝑚𝑓𝑓

𝑚𝑚𝑒𝑒

𝑥𝑥𝑒𝑒𝑒𝑒 ≈ 10−15𝑚𝑚20

𝑥𝑥𝑓𝑓 ≈ 5 × 10−4𝑚𝑚20
𝑚𝑚𝑒𝑒

𝑚𝑚𝑓𝑓

2
𝑥𝑥𝑒𝑒𝑒𝑒 ≈ 2 × 107𝑚𝑚20
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Asymptotic solutions in different regimes

• Vanishing initial condition at 
𝑥𝑥𝑒𝑒𝑒𝑒: 𝜙𝜙 = 0,𝜙𝜙′ = 0.

• Nontrivial evolution from 𝑥𝑥𝑒𝑒𝑒𝑒
to 𝑥𝑥𝑓𝑓 for 𝑓𝑓 = 𝑞𝑞, 𝑙𝑙, and then 
free evolution down to 𝑥𝑥𝑒𝑒𝑒𝑒.

• Evolution from 𝑥𝑥𝑒𝑒𝑒𝑒 to 𝑥𝑥𝑒𝑒𝑒𝑒 for 
𝑓𝑓 = 𝜈𝜈.

For 𝑓𝑓 = 𝑞𝑞, 𝑙𝑙:   I) 𝑥𝑥1 < 𝑥𝑥𝑒𝑒𝑒𝑒 < 𝑥𝑥𝑓𝑓
II) 𝑥𝑥𝑒𝑒𝑒𝑒 < 𝑥𝑥𝑓𝑓 < 𝑥𝑥1

III) 𝑥𝑥𝑒𝑒𝑒𝑒 < 𝑥𝑥1 < 𝑥𝑥𝑓𝑓
For 𝑓𝑓 = 𝜈𝜈 :   𝑥𝑥𝑒𝑒𝑒𝑒< 𝑥𝑥1 < 𝑥𝑥𝑒𝑒𝑒𝑒

�𝜙𝜙′′ 𝑥𝑥 +
3
2𝑥𝑥

�𝜙𝜙′ 𝑥𝑥 + 1 +
𝑥𝑥1
𝑥𝑥

�𝜙𝜙 𝑥𝑥 =
𝑥𝑥𝑆𝑆
𝑥𝑥
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I) 𝑥𝑥1 < 𝑥𝑥𝑒𝑒𝑒𝑒 < 𝑥𝑥𝑓𝑓

(*) Neglecting Freeze-In:
7



II) 𝑥𝑥𝑒𝑒𝑒𝑒 < 𝑥𝑥𝑓𝑓 < 𝑥𝑥1

(*) BBN constraint:
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III) 𝑥𝑥𝑒𝑒𝑒𝑒 < 𝑥𝑥1 < 𝑥𝑥𝑓𝑓

(*) BBN+Feeze-In: 9



Neutrinos driving           
DM condensate
𝑥𝑥𝑒𝑒𝑒𝑒 < 𝑥𝑥1 < 𝑥𝑥𝑒𝑒𝑒𝑒 < 𝑥𝑥𝜈𝜈

= 3.34 for 𝑥𝑥1 ≫ 1
1.67 for 𝑥𝑥1 ≪ 1

(𝑥𝑥1 ≫ 1)

(*) BBN:
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Conclusion

• A ultralight scalar boson can form a coherent DM state through its 
tiny little coupling to SM fermions.

• Considering the 𝜙𝜙𝑞𝑞𝑞𝑞 or 𝜙𝜙𝑙𝑙𝑙𝑙 coupling, it works for wide ranges of 𝑚𝑚𝜙𝜙 ∼
10−22, 106 eV and 𝑦𝑦𝜙𝜙 ∼ 10−28, 10−8 .

• For the 𝜙𝜙𝜈𝜈𝜈𝜈 coupling, DM genesis requires 𝑚𝑚𝜙𝜙 ∼ 10−17, 10−1 eV and 
𝑦𝑦𝜙𝜙 ∼ 10−17, 10−5 , and can occur very late, even at around 𝑇𝑇𝑒𝑒𝑒𝑒.
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