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Evidences of dark matter: gravitational effects
z ⇠ 0
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z > 0

<latexit sha1_base64="heImNya/4piv1AVD0uGhaqOvghE=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0lsND1J0YvHCqYttKFstpt2cbMJuxuhhv4GLx4U8eoP8ua/cfshqOiDgcd7M8zMC1POlLbtD6uwtLyyulZcL21sbm3vlHf3WirJJKE+SXgiOyFWlDNBfc00p51UUhyHnLbD28up376jUrFE3OhxSoMYDwWLGMHaSP49Okd2v1yxq/Wa5zpnaEZOvdqc1DwPOVV7hgos0OyX33uDhGQxFZpwrFTXsVMd5FhqRjidlHqZoikmt3hIu4YKHFMV5LNjJ+jIKAMUJdKU0Gimfp/IcazUOA5NZ4z1SP32puJfXjfTUT3ImUgzTQWZL4oyjnSCpp+jAZOUaD42BBPJzK2IjLDERJt8SiaEr0/R/6R1UnXcqnvtVhoXiziKcACHcAwOeNCAK2iCDwQYPMATPFvCerRerNd5a8FazOzDD1hvnxYojjw=</latexit>

rotation curves

bullet cluster cosmic microwave 
background (CMB)

structure formation
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• mass? thermal history?

Cold dark matter: cold at all redshift,  

+ baryonic feedback (?) for small-scale structures

P (z) ⇠ 0, ⇢(z) / ⇢(z = 0)(1 + z)3

<latexit sha1_base64="YM8DW4LDDNoOsnYX7mjrYK/V8eU="></latexit>
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had to be cold enough for structures to form

Warm dark matter:  produced in the early universe with a temperature, 
motivated by the small-scale crisis

[V. Iršič et al, arXiv: 1702.01764]

P (z < zt) ⇠ 0, P (z > zt) /
1

3
⇢(z)
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mDM � 5.3keV
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• mass? thermal history?

•Mixed dark matter
•dark energy -> dark matter

[T. Kobayashi et al, arXiv: 1708.00015]
[R. T. Co et al, arXiv:1910.14152]
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Consider the particle nature of DM:
For fermionic dark matter,  it simply cannot be as cold as being non-

relativistic at arbitrary early time!
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Consider the particle nature of DM:
For fermionic dark matter,  it simply cannot be as cold as being non-

relativistic at arbitrary early time!

:non-relativistic to relativistic transition redshiftzt
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pF =

✓
6⇡2n 
g 

◆1/3

n (z) = n (z = 0)(1 + z)3

pF (z > zt) > m 

<latexit sha1_base64="hwR9XkfD8Zxis4BoTAi2JWTrwFM="></latexit>
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Degenerate Fermionic Dark Matter in the Early Universe

f(q) =
1

1 + e(q�µ)/T

<latexit sha1_base64="MsJVl7MrVVh9mDToCggvcbsWd2I="></latexit>

⇢ =
3⇣(3)g m T 3

4⇡2

<latexit sha1_base64="/ZypiET7UPrzHSt+qiaDaUByp6Q="></latexit>

⇢ =
g m p3F

6⇡2

<latexit sha1_base64="6k5ZOIV7/y8oKS+jvF7TVVfqz48="></latexit>

non-relativistic 
at present time 

WDM : µ ⌧ T, DF : µ = pF � T

<latexit sha1_base64="Chhl7U7xxge7OZ08t3+qrMNsQgs="></latexit>

f(q) = ✓(pF � q)

<latexit sha1_base64="/jU8M0r3Bkr9NAOQOE3lpw0hICE=">AAAB/HicdVBLS0JBFJ5rL7OX5bLNkAS66DKKpS4CKYiWBvkAFZk7ztXBuQ9nzg1E7K+0aVFE235Iu/5N4yOoqA8OfHzfOZxzPieUQgMhH1ZsZXVtfSO+mdja3tndS+4f1HUQKcZrLJCBajpUcyl8XgMBkjdDxannSN5whpczv3HHlRaBfwvjkHc82veFKxgFI3WTKTczyp7jNgw40EzYvToZZbvJNLFL+XKRnGFiFwkp50tzUjglRZyzyRxptES1m3xv9wIWedwHJqnWrRwJoTOhCgSTfJpoR5qHlA1pn7cM9anHdWcyP36Kj43Sw26gTPmA5+r3iQn1tB57jun0KAz0b28m/uW1InBLnYnwwwi4zxaL3EhiCPAsCdwTijOQY0MoU8LcitmAKsrA5JUwIXx9iv8n9bydK9iFm0K6crGMI44O0RHKoBwqogq6RlVUQwyN0QN6Qs/WvfVovVivi9aYtZxJoR+w3j4BAG2TvA==</latexit>

1.75zWDM
t (T ⇠ m ) ⇠ zDF

t (pF ⇠ m )

<latexit sha1_base64="zZeBGas4G/3TbPNrrCibUXCMmOg="></latexit>
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the minimal mass allowed for fermionic dark matter！

Degenerate Fermionic Dark Matter in the Early Universe

contribution to  would be smaller by the factor�Ne↵
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1 + zWDM
t

1 + zDF
t

<latexit sha1_base64="raSo5pBjoTAyuzsHrj9fqgAYQBI="></latexit>

f(q) =
1

1 + e(q�µ)/T

<latexit sha1_base64="MsJVl7MrVVh9mDToCggvcbsWd2I="></latexit>

⇢ =
3⇣(3)g m T 3

4⇡2

<latexit sha1_base64="/ZypiET7UPrzHSt+qiaDaUByp6Q="></latexit>

⇢ =
g m p3F

6⇡2

<latexit sha1_base64="6k5ZOIV7/y8oKS+jvF7TVVfqz48="></latexit>

non-relativistic 
at present time 

WDM : µ ⌧ T, DF : µ = pF � T
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f(q) = ✓(pF � q)
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1.75zWDM
t (T ⇠ m ) ⇠ zDF

t (pF ⇠ m )
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• 2 internal degrees of freedom, 1 
flavor                                        g = 2, Nf = 1

n (a = 1) =
f ⇢CDM

m 

1 + zt =
1500

f1/3
 

✓
m 

eV

◆4/3

<latexit sha1_base64="KiYADdw87P6fpxRkfcm28YJ7Jcw="></latexit>

zmr = 3300

zhk = 2⇥ 107

<latexit sha1_base64="R6CYyx1vx6kUFxZDT3x28SNhkWM="></latexit>

Degenerate Fermionic Dark Matter in the Early Universe

• thermally cold: kinetic energy 
from purely degenerate pressure

• fixed co-moving number,   
after the beginning of BBN
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Big Bang Nucleosynthesis (BBN)

Cosmic Microwave 
Background (CMB)

Structure Formation
disappearance of matter

�Ne↵
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current bound: 
            < 0.12, one parameter fit 
 

 < 0.37, joint parameter fit

Tf ⇠ MeV, z ⇠ 109
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[T. -H. Yeh, et al, arXiv:2011.13874]

[V. Mossa, et al, Nature 587, 210 (2020)]

�Ne↵
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Big Bang Nucleosynthesis (BBN)

Cosmic Microwave Background (CMB)

current bound: 
  < 0.28, one parameter fit

T ⇠ 0.1eV, z ⇠ 103
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[N. Aghanim, et al, arXiv:1807.06209]Multi-parameter extensions of 
LCDM,    < 0.5 �Ne↵
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[N. Aghanim, et al, arXiv:1807.06209]
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Structure Formation: Ly � ↵ forest,MW satellite

<latexit sha1_base64="Vi7OFUcJSkMEinA8wsbsPlFTSpQ="></latexit>

suppression of gravitational clustering

Ly � ↵ forest,MW satellite

<latexit sha1_base64="Vi7OFUcJSkMEinA8wsbsPlFTSpQ="></latexit>

by Elizabeth Lovegrove

HI emission
from quasars HI absorption 

by intergalactic 
gas

Measurement of matter distributions at intergalactic scales 



Y.-Y. Li May 9, 2022 @Pheno 2022
Based on arXiv: 2108.02785

13

the abundance of subhalos within the viral radius of 
the Milky Way

.

Structure Formation: Ly � ↵ forest,MW satellite

<latexit sha1_base64="Vi7OFUcJSkMEinA8wsbsPlFTSpQ="></latexit>

suppression of gravitational clustering

Ly � ↵ forest,MW satellite

<latexit sha1_base64="Vi7OFUcJSkMEinA8wsbsPlFTSpQ="></latexit>

subhalo mass function (SHMF)

dark matter
distribution
600kpc

[E. O. Nadler, et al, arXiv:2008.00022]

https://doi.org/10.1073/pnas.1308716112
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Structure Formation: Ly � ↵ forest,MW satellite

<latexit sha1_base64="Vi7OFUcJSkMEinA8wsbsPlFTSpQ="></latexit>

suppression of gravitational clustering

[R. Murgia, et al, arXiv:1704.07838]
[E. O. Nadler, et al, arXiv:2008.00022]

the transfer function T 2(k) =
PnCDM(k)

PCDM(k)
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Ly � ↵ : T 2(k < 20h/Mpc) � 0.7

<latexit sha1_base64="wrnpFQlCcps7XjD1F/4tSiWN76A="></latexit>

SHMF : T 2
(k < 50h/Mpc) � 0.5
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Structure Formation: Ly � ↵ forest,MW satellite
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the transfer function T 2(k) =
PnCDM(k)

PCDM(k)
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suppression of gravitational clustering

f DF + (1� f )CDM
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Based on a modified CLASS package

Ly � ↵ : T 2(k < 20h/Mpc) � 0.7
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SHMF : T 2
(k < 50h/Mpc) � 0.5
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constrain f as small as 2⇥ 10�5!

<latexit sha1_base64="r3iWV53lhMejaaqmrHgFoVsgYic="></latexit>

extended to f ⇠ 3%,m  1eV

m � 2keV, f = 1

in comparison with m � 5.3keV for WDM

<latexit sha1_base64="9ttnRoXDgHb5qWmrP1sM6s7WkPM="></latexit>

opens up parameter space for 
model Building！
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constrain f as small as 2⇥ 10�5!
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extended to f ⇠ 3%,m  1eV

m � 2keV, f = 1

in comparison with m � 5.3keV for WDM
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Local Implications
• Profile of Dwarf galaxies (                      ): 

 
 incompatible with the matter power 
    spectrum measurement with           

[L. Randall, et al, arXiv:1611.4590]
70eV ⇠ 400eV
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f = 1
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constrain f as small as 2⇥ 10�5!
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extended to f ⇠ 3%,m  1eV

m � 2keV, f = 1

in comparison with m � 5.3keV for WDM
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• Modifying MW DM phase space  
density 

Not accumulating
Smaller over density than CDM, 
or higher velocity, e.g. probed by 
novel material
Similar phase space 
distribution to that of CDM
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constrain f as small as 2⇥ 10�5!
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m � 2keV, f = 1

in comparison with m � 5.3keV for WDM

<latexit sha1_base64="9ttnRoXDgHb5qWmrP1sM6s7WkPM="></latexit>

Bound rescaling, as changing  Nf
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fixing

✓
pF
m 

, f 

◆

f / ⇢ / Nfm
4
 

bound on m / N�1/4
f
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Same scaling for the 
profile of Dwarf galaxies:

multi-flavor wouldn’t help 
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Conclusions and Outlook

minimal kinetic energy in the early universe
—Degenerate Fermion State:

minimal mass allowed for 
fermionic dark matter ~ 2keV

constrained fermionic dark matter 
with a portion as small as 

degenerate pressure could lead to 
quite different MW dark matter 

phase space distributions

Outlook
• Our bound is nevertheless conservative: 

        consider LSS data at smaller k? 

• Effects of scalar dark matter condensation  
on LSS

[W. L. Xu, et al, arXiv:2107.09664]

10�5
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Thank you
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constraining the number of relativistic 
degree of freedom at

current bound: 
            < 0.12, one parameter fit 
 

 < 0.37, joint parameter fit�Ne↵
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[V. Mossa, et al, Nature 587, 210 (2020)]
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Big Bang Nucleosynthesis (BBN)
Ne↵ , H

Tf (neutron freeze� out) ,
nn(Tf )

np+(Tf )
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Cosmic Microwave Background (CMB)
constraining the number of relativistic 
degree of freedom at 

current bound: 
  < 0.28, one parameter fit�Ne↵
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the abundance of sub halos within the 
viral radius of the Milky Way

subhalo mass function (SHMF)

.

Structure Formation: Ly � ↵ forest,MW satellite
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PnCDM(k)

PCDM(k)
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[R. Murgia, et al, arXiv:1704.07838][E. O. Nadler, et al, arXiv:2008.00022]
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linear matter power, normalized to that of CDM
the transfer function

suppression of gravitational clustering
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Big Bang Nucleosynthesis (BBN)

constraining the number of relativistic degree of freedom at
current bound: DNeff < 0.12, one parameter fit 
                           DNeff < 0.37, joint parameter fit

[T. -H. Yeh, et al, arXiv:2011.13874]
[V. Mossa, et al, Nature 587, 210 (2020)]

Tf ⇠ MeV, z ⇠ 109
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Cosmic Microwave Background (CMB)

[Z. Hou, et al, arXiv:1104.2333]

constraining the number of relativistic degree of freedom at 
current bound: DNeff < 0.28, one parameter fit [N. Aghanim, et al, arXiv:1807.06209]

T ⇠ 0.1eV, z ⇠ 103
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damping factor :f / e
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rd / ✓d, ✓d/✓s / H
1/2

fixing other parameters

Neff , H , f
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Cosmic Microwave Background (CMB)

[A. Challinor, astro-ph.0403344]


