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Motivations

• Small scale anomalies:
• Core-cusp
• Too big to fail
• Missing satellites
• …

• Solutions:
• Baryonic feedback
• Self-interaction
• Fuzzy dark matter
• …



Motivations

• From White dwarves to dwarf galaxies

Tremaine and Gunn PRL 42, 407 (1979).
… 



Core-cusp problem fixes mD

• Dwarf galaxy: 
• 108 solar mass
• Core size 500 pc
• V ~ 10-4
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The constraints

• For light DM if its temperature is comparable to 
SM, its free streaming length may erase the small 
scale structure of the universe.
• Lyman-alpha forests observations can detect the 

structure of the universe down to about a few 
hundred kpc.
• For warm DM model with two fermionic degrees of 

freedom, 
TWDM > 5.3 keV (3.5 keV)
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Warm DM model

•

• In the early universe when DM is relativistic

• In tension with the request for solving the core-
cusp problem! (even with much colder DM)

⇢DM = mWDM ⇥ nWDM
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TD/TSM ⇡ 0.1
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TWDM > 5.3 keV (3.5 keV)
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Our goal

• To build a model with O(100) eV fermionic DM 
which can avoid the Lyman-alpha constraint.

• Two models:

• Freeze-in self interacting DM
• Light fermionic DM from scalar decay



Freeze-in model
Dirac fermion, the DM 
candidate

Connecting the DM to 
the SM sector 

Spontaneous symmetry breakingQED

mV ⇠ 1 MeV , ↵D ⇠ ↵EM ,  ⇠ 10�11 , mD ⌧ mV
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Freeze-in model

1.

2. Plamson decay Photon gets a “mass”



Dark sector cools down through 
self-replication
• 2 to 4 self-replication processes

• If self-replication is fast enough, the DM can be seen as a 
thermal relic. (warm dark matter)



Relic abundance

• Boltzmann equation To generate the observed DM relic abundance

1. 

2.       Plamson decay 

e+e-
to DM

Plasmon
decay



Constraints on model

• Stellar constraints (DM is light)

• Lyman-alpha constraints (DM is light)

• From the bullet cluster and the shape of clusters 
(Self interaction)



Stellar constraints

• Energy loss to the dark side can change the 
evolution of stars.
• Inside the stars is thermal plasma. (NR)

• Change the dispersion relations
• Transverse
• Longitudinal  



Stellar constraints

• “Photon decay”

• We need stars with large density and high 
temperature.
• In supernova, V can be produced on shell, so the 

resonant conversion process is also important.



Stellar constraints

• Red giant stars:
•
• Dark radiation < 10% of the luminosity

• Supernovae
•
• Stronger constraint in the large mV region
• We reinterpret the constraints on dark photon and 

milli-charged particles.
J. H. Chang, R. Essig, S. D. McDermott, arXiv:1803.00993

J. Redondo and G. Raffelt, JCAP 1308, 034 (2013)



Stellar constraints



Constraints on self interaction
• Clusters (~ 100 kpc) has mass deficit in the inner 3 kpc 

compared to NFW.
• Can be solved if DM has a self-interaction

• Because of the effect of baryonic processes, observations of 
clusters alone cannot provide unambiguous support for DM 
theories.
• is disfavored.
• This is stronger than the constraints from bullet cluster that

Newman et al. APJ 765, 25 (2013)

Kaplinghat et al.PRL 116, no.4 041302 (2016), 1508.03339

Newman et al. APJ 765, 25 (2013)

Elbert et al. 1609.08626



Constraints from Lyman-alpha 
forests observations
• Free streaming distance

lfs =

Z t0

0

atoday
a(t)

vphys(t)dt
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Constraints from Lyman-alpha 
forests observations
• Free streaming distance

• With self scattering, the free streaming becomes 
Brownian motion.

tfs
<latexit sha1_base64="ec9PK8ReAmb0BHlRW7epXQiEopc=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOTEGYns8mQmdllplcIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrTKSw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZwaxhsslrFph9RyKTRvoEDJ24nhVIWSt8Lx7cxvPXFjRawfcJLwnqJDLSLBKDrpEftZ1ygS2Wm/XPGr/hxklQQ5qUCOer/81R3ELFVcI5PU2k7gJ9jLqEHBJJ+WuqnlCWVjOuQdRzVV3Pay+cVTcuaUAYli40ojmau/JzKqrJ2o0HUqiiO77M3E/7xOitF1LxM6SZFrtlgUpZJgTGbvk4EwnKGcOEKZEe5WwkbUUIYupJILIVh+eZU0L6qBXw3uLyu1mzyOIpzAKZxDAFdQgzuoQwMYaHiGV3jzrPfivXsfi9aCl88cwx94nz+dqJDd</latexit><latexit sha1_base64="ec9PK8ReAmb0BHlRW7epXQiEopc=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOTEGYns8mQmdllplcIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrTKSw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZwaxhsslrFph9RyKTRvoEDJ24nhVIWSt8Lx7cxvPXFjRawfcJLwnqJDLSLBKDrpEftZ1ygS2Wm/XPGr/hxklQQ5qUCOer/81R3ELFVcI5PU2k7gJ9jLqEHBJJ+WuqnlCWVjOuQdRzVV3Pay+cVTcuaUAYli40ojmau/JzKqrJ2o0HUqiiO77M3E/7xOitF1LxM6SZFrtlgUpZJgTGbvk4EwnKGcOEKZEe5WwkbUUIYupJILIVh+eZU0L6qBXw3uLyu1mzyOIpzAKZxDAFdQgzuoQwMYaHiGV3jzrPfivXsfi9aCl88cwx94nz+dqJDd</latexit><latexit sha1_base64="ec9PK8ReAmb0BHlRW7epXQiEopc=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOTEGYns8mQmdllplcIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrTKSw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZwaxhsslrFph9RyKTRvoEDJ24nhVIWSt8Lx7cxvPXFjRawfcJLwnqJDLSLBKDrpEftZ1ygS2Wm/XPGr/hxklQQ5qUCOer/81R3ELFVcI5PU2k7gJ9jLqEHBJJ+WuqnlCWVjOuQdRzVV3Pay+cVTcuaUAYli40ojmau/JzKqrJ2o0HUqiiO77M3E/7xOitF1LxM6SZFrtlgUpZJgTGbvk4EwnKGcOEKZEe5WwkbUUIYupJILIVh+eZU0L6qBXw3uLyu1mzyOIpzAKZxDAFdQgzuoQwMYaHiGV3jzrPfivXsfi9aCl88cwx94nz+dqJDd</latexit><latexit sha1_base64="ec9PK8ReAmb0BHlRW7epXQiEopc=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOTEGYns8mQmdllplcIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrTKSw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZwaxhsslrFph9RyKTRvoEDJ24nhVIWSt8Lx7cxvPXFjRawfcJLwnqJDLSLBKDrpEftZ1ygS2Wm/XPGr/hxklQQ5qUCOer/81R3ELFVcI5PU2k7gJ9jLqEHBJJ+WuqnlCWVjOuQdRzVV3Pay+cVTcuaUAYli40ojmau/JzKqrJ2o0HUqiiO77M3E/7xOitF1LxM6SZFrtlgUpZJgTGbvk4EwnKGcOEKZEe5WwkbUUIYupJILIVh+eZU0L6qBXw3uLyu1mzyOIpzAKZxDAFdQgzuoQwMYaHiGV3jzrPfivXsfi9aCl88cwx94nz+dqJDd</latexit>

lfs =

Z t0

0

atoday
a(t)

vphys(t)dt
<latexit sha1_base64="pWO0GhyL5BmDUGLqrOY2/UgzcxQ="></latexit><latexit sha1_base64="pWO0GhyL5BmDUGLqrOY2/UgzcxQ="></latexit><latexit sha1_base64="pWO0GhyL5BmDUGLqrOY2/UgzcxQ="></latexit><latexit sha1_base64="pWO0GhyL5BmDUGLqrOY2/UgzcxQ="></latexit>



Constraints from Lyman-alpha 
forests observations
• Free streaming distance

• The best one can do is to make it like WDM.

Smaller with lower temperature

lfs =

Z t0

0

atoday
a(t)

vphys(t)dt
<latexit sha1_base64="pWO0GhyL5BmDUGLqrOY2/UgzcxQ="></latexit><latexit sha1_base64="pWO0GhyL5BmDUGLqrOY2/UgzcxQ="></latexit><latexit sha1_base64="pWO0GhyL5BmDUGLqrOY2/UgzcxQ="></latexit><latexit sha1_base64="pWO0GhyL5BmDUGLqrOY2/UgzcxQ="></latexit>



Self scattering and Lyman-alpha 
bound
• Scattering turns free-streaming into Brownian motion, 

migration distance much shorter.

CAMB simulation result

5.3 keV WDM

3.5 keV WDM

Cluster mass 
deficit problem

1D power spectrum



Numerical result



Summary of the freeze-in model

• We propose a freeze-in self-scattering warm dark 
matter model, which can generate the observed 
relic abundance.

• The self-scattering and self replication processes 
alleviate the Lyman-alpha constraints.

mD > 2.2 keV (1.4 keV)
<latexit sha1_base64="Kw38TapZPYjjQIRSFgpd3ssqb6g=">AAACDXicbVDLSgMxFM34rPU16tJNsAp1M8yUgq6kqAuXFewD2mHIpGkbmmSGJCOUof0AN/6KGxeKuHXvzr8xbQfU1gMXTs65l9x7wphRpV33y1paXlldW89t5De3tnd27b39uooSiUkNRyySzRApwqggNU01I81YEsRDRhrh4GriN+6JVDQSd3oYE5+jnqBdipE2UmAf8+AaXsCSU0rHbcnhgNRHcFz0nPLP+zSwC67jTgEXiZeRAshQDezPdifCCSdCY4aUanlurP0USU0xI6N8O1EkRniAeqRlqECcKD+dXjOCJ0bpwG4kTQkNp+rviRRxpYY8NJ0c6b6a9ybif14r0d1zP6UiTjQRePZRN2FQR3ASDexQSbBmQ0MQltTsCnEfSYS1CTBvQvDmT14k9ZLjuY53Wy5ULrM4cuAQHIEi8MAZqIAbUAU1gMEDeAIv4NV6tJ6tN+t91rpkZTMH4A+sj28EUZmj</latexit><latexit sha1_base64="Kw38TapZPYjjQIRSFgpd3ssqb6g=">AAACDXicbVDLSgMxFM34rPU16tJNsAp1M8yUgq6kqAuXFewD2mHIpGkbmmSGJCOUof0AN/6KGxeKuHXvzr8xbQfU1gMXTs65l9x7wphRpV33y1paXlldW89t5De3tnd27b39uooSiUkNRyySzRApwqggNU01I81YEsRDRhrh4GriN+6JVDQSd3oYE5+jnqBdipE2UmAf8+AaXsCSU0rHbcnhgNRHcFz0nPLP+zSwC67jTgEXiZeRAshQDezPdifCCSdCY4aUanlurP0USU0xI6N8O1EkRniAeqRlqECcKD+dXjOCJ0bpwG4kTQkNp+rviRRxpYY8NJ0c6b6a9ybif14r0d1zP6UiTjQRePZRN2FQR3ASDexQSbBmQ0MQltTsCnEfSYS1CTBvQvDmT14k9ZLjuY53Wy5ULrM4cuAQHIEi8MAZqIAbUAU1gMEDeAIv4NV6tJ6tN+t91rpkZTMH4A+sj28EUZmj</latexit><latexit sha1_base64="Kw38TapZPYjjQIRSFgpd3ssqb6g=">AAACDXicbVDLSgMxFM34rPU16tJNsAp1M8yUgq6kqAuXFewD2mHIpGkbmmSGJCOUof0AN/6KGxeKuHXvzr8xbQfU1gMXTs65l9x7wphRpV33y1paXlldW89t5De3tnd27b39uooSiUkNRyySzRApwqggNU01I81YEsRDRhrh4GriN+6JVDQSd3oYE5+jnqBdipE2UmAf8+AaXsCSU0rHbcnhgNRHcFz0nPLP+zSwC67jTgEXiZeRAshQDezPdifCCSdCY4aUanlurP0USU0xI6N8O1EkRniAeqRlqECcKD+dXjOCJ0bpwG4kTQkNp+rviRRxpYY8NJ0c6b6a9ybif14r0d1zP6UiTjQRePZRN2FQR3ASDexQSbBmQ0MQltTsCnEfSYS1CTBvQvDmT14k9ZLjuY53Wy5ULrM4cuAQHIEi8MAZqIAbUAU1gMEDeAIv4NV6tJ6tN+t91rpkZTMH4A+sj28EUZmj</latexit><latexit sha1_base64="Kw38TapZPYjjQIRSFgpd3ssqb6g=">AAACDXicbVDLSgMxFM34rPU16tJNsAp1M8yUgq6kqAuXFewD2mHIpGkbmmSGJCOUof0AN/6KGxeKuHXvzr8xbQfU1gMXTs65l9x7wphRpV33y1paXlldW89t5De3tnd27b39uooSiUkNRyySzRApwqggNU01I81YEsRDRhrh4GriN+6JVDQSd3oYE5+jnqBdipE2UmAf8+AaXsCSU0rHbcnhgNRHcFz0nPLP+zSwC67jTgEXiZeRAshQDezPdifCCSdCY4aUanlurP0USU0xI6N8O1EkRniAeqRlqECcKD+dXjOCJ0bpwG4kTQkNp+rviRRxpYY8NJ0c6b6a9ybif14r0d1zP6UiTjQRePZRN2FQR3ASDexQSbBmQ0MQltTsCnEfSYS1CTBvQvDmT14k9ZLjuY53Wy5ULrM4cuAQHIEi8MAZqIAbUAU1gMEDeAIv4NV6tJ6tN+t91rpkZTMH4A+sj28EUZmj</latexit>

TWDM > 5.3 keV (3.5 keV)
<latexit sha1_base64="tGR6xDhnvKVt91KXpjL4uNFwzG0=">AAACFXicbVDLSsNAFJ34rPUVdelmsAgVJCTWoisp6sKNUKEvaEOYTCft0MmDmYlQQvsRbvwVNy4UcSu482+ctAG19cDAuefcy5173IhRIU3zS1tYXFpeWc2t5dc3Nre29Z3dhghjjkkdhyzkLRcJwmhA6pJKRloRJ8h3GWm6g6vUb94TLmgY1OQwIraPegH1KEZSSY5+XHOSDvdh8/p2BC9g2Sgl47QekMYIjoslo/xTHzl6wTTMCeA8sTJSABmqjv7Z6YY49kkgMUNCtC0zknaCuKSYkVG+EwsSITxAPdJWNEA+EXYyuWoED5XShV7I1QsknKi/JxLkCzH0XdXpI9kXs14q/ue1Y+md2wkNoliSAE8XeTGDMoRpRLBLOcGSDRVBmFP1V4j7iCMsVZB5FYI1e/I8aZwYlmlYd6eFymUWRw7sgwNQBBY4AxVwA6qgDjB4AE/gBbxqj9qz9qa9T1sXtGxmD/yB9vENBF2c2A==</latexit><latexit sha1_base64="tGR6xDhnvKVt91KXpjL4uNFwzG0=">AAACFXicbVDLSsNAFJ34rPUVdelmsAgVJCTWoisp6sKNUKEvaEOYTCft0MmDmYlQQvsRbvwVNy4UcSu482+ctAG19cDAuefcy5173IhRIU3zS1tYXFpeWc2t5dc3Nre29Z3dhghjjkkdhyzkLRcJwmhA6pJKRloRJ8h3GWm6g6vUb94TLmgY1OQwIraPegH1KEZSSY5+XHOSDvdh8/p2BC9g2Sgl47QekMYIjoslo/xTHzl6wTTMCeA8sTJSABmqjv7Z6YY49kkgMUNCtC0zknaCuKSYkVG+EwsSITxAPdJWNEA+EXYyuWoED5XShV7I1QsknKi/JxLkCzH0XdXpI9kXs14q/ue1Y+md2wkNoliSAE8XeTGDMoRpRLBLOcGSDRVBmFP1V4j7iCMsVZB5FYI1e/I8aZwYlmlYd6eFymUWRw7sgwNQBBY4AxVwA6qgDjB4AE/gBbxqj9qz9qa9T1sXtGxmD/yB9vENBF2c2A==</latexit><latexit sha1_base64="tGR6xDhnvKVt91KXpjL4uNFwzG0=">AAACFXicbVDLSsNAFJ34rPUVdelmsAgVJCTWoisp6sKNUKEvaEOYTCft0MmDmYlQQvsRbvwVNy4UcSu482+ctAG19cDAuefcy5173IhRIU3zS1tYXFpeWc2t5dc3Nre29Z3dhghjjkkdhyzkLRcJwmhA6pJKRloRJ8h3GWm6g6vUb94TLmgY1OQwIraPegH1KEZSSY5+XHOSDvdh8/p2BC9g2Sgl47QekMYIjoslo/xTHzl6wTTMCeA8sTJSABmqjv7Z6YY49kkgMUNCtC0zknaCuKSYkVG+EwsSITxAPdJWNEA+EXYyuWoED5XShV7I1QsknKi/JxLkCzH0XdXpI9kXs14q/ue1Y+md2wkNoliSAE8XeTGDMoRpRLBLOcGSDRVBmFP1V4j7iCMsVZB5FYI1e/I8aZwYlmlYd6eFymUWRw7sgwNQBBY4AxVwA6qgDjB4AE/gBbxqj9qz9qa9T1sXtGxmD/yB9vENBF2c2A==</latexit><latexit sha1_base64="tGR6xDhnvKVt91KXpjL4uNFwzG0=">AAACFXicbVDLSsNAFJ34rPUVdelmsAgVJCTWoisp6sKNUKEvaEOYTCft0MmDmYlQQvsRbvwVNy4UcSu482+ctAG19cDAuefcy5173IhRIU3zS1tYXFpeWc2t5dc3Nre29Z3dhghjjkkdhyzkLRcJwmhA6pJKRloRJ8h3GWm6g6vUb94TLmgY1OQwIraPegH1KEZSSY5+XHOSDvdh8/p2BC9g2Sgl47QekMYIjoslo/xTHzl6wTTMCeA8sTJSABmqjv7Z6YY49kkgMUNCtC0zknaCuKSYkVG+EwsSITxAPdJWNEA+EXYyuWoED5XShV7I1QsknKi/JxLkCzH0XdXpI9kXs14q/ue1Y+md2wkNoliSAE8XeTGDMoRpRLBLOcGSDRVBmFP1V4j7iCMsVZB5FYI1e/I8aZwYlmlYd6eFymUWRw7sgwNQBBY4AxVwA6qgDjB4AE/gBbxqj9qz9qa9T1sXtGxmD/yB9vENBF2c2A==</latexit>



Light fermionic DM from scalar 
decay
• Fermions move at zero kelvin.

• By comparing the free streaming length of zero 
temperature fermion to that of the WDM,

Fermi surface

vF > 0
<latexit sha1_base64="zVxS+fM6Y58aVsqPPAhVg+9zwRQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0JMUBfFYwX5AG8pmu2mXbjZhd1IooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6G7mt8ZcGxGrJ5wk3I/oQIlQMIpWao179+SGuL1yxa26c5BV4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFrqpoYnlI3ogHcsVTTixs/m507JmVX6JIy1LYVkrv6eyGhkzCQKbGdEcWiWvZn4n9dJMbz2M6GSFLlii0VhKgnGZPY76QvNGcqJJZRpYW8lbEg1ZWgTKtkQvOWXV0nzouq5Ve/xslK7zeMowgmcwjl4cAU1eIA6NIDBCJ7hFd6cxHlx3p2PRWvByWeO4Q+czx/JU46J</latexit><latexit sha1_base64="zVxS+fM6Y58aVsqPPAhVg+9zwRQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0JMUBfFYwX5AG8pmu2mXbjZhd1IooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6G7mt8ZcGxGrJ5wk3I/oQIlQMIpWao179+SGuL1yxa26c5BV4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFrqpoYnlI3ogHcsVTTixs/m507JmVX6JIy1LYVkrv6eyGhkzCQKbGdEcWiWvZn4n9dJMbz2M6GSFLlii0VhKgnGZPY76QvNGcqJJZRpYW8lbEg1ZWgTKtkQvOWXV0nzouq5Ve/xslK7zeMowgmcwjl4cAU1eIA6NIDBCJ7hFd6cxHlx3p2PRWvByWeO4Q+czx/JU46J</latexit><latexit sha1_base64="zVxS+fM6Y58aVsqPPAhVg+9zwRQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0JMUBfFYwX5AG8pmu2mXbjZhd1IooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6G7mt8ZcGxGrJ5wk3I/oQIlQMIpWao179+SGuL1yxa26c5BV4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFrqpoYnlI3ogHcsVTTixs/m507JmVX6JIy1LYVkrv6eyGhkzCQKbGdEcWiWvZn4n9dJMbz2M6GSFLlii0VhKgnGZPY76QvNGcqJJZRpYW8lbEg1ZWgTKtkQvOWXV0nzouq5Ve/xslK7zeMowgmcwjl4cAU1eIA6NIDBCJ7hFd6cxHlx3p2PRWvByWeO4Q+czx/JU46J</latexit><latexit sha1_base64="zVxS+fM6Y58aVsqPPAhVg+9zwRQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0JMUBfFYwX5AG8pmu2mXbjZhd1IooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6G7mt8ZcGxGrJ5wk3I/oQIlQMIpWao179+SGuL1yxa26c5BV4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFrqpoYnlI3ogHcsVTTixs/m507JmVX6JIy1LYVkrv6eyGhkzCQKbGdEcWiWvZn4n9dJMbz2M6GSFLlii0VhKgnGZPY76QvNGcqJJZRpYW8lbEg1ZWgTKtkQvOWXV0nzouq5Ve/xslK7zeMowgmcwjl4cAU1eIA6NIDBCJ7hFd6cxHlx3p2PRWvByWeO4Q+czx/JU46J</latexit>

v̄D ⇡ 4.6⇥m�4/3
D

✓
⇢D
gD

◆1/3

<latexit sha1_base64="KLUh1gN3wgEAMXftItw4i7NY5B8="></latexit><latexit sha1_base64="KLUh1gN3wgEAMXftItw4i7NY5B8="></latexit><latexit sha1_base64="KLUh1gN3wgEAMXftItw4i7NY5B8="></latexit><latexit sha1_base64="KLUh1gN3wgEAMXftItw4i7NY5B8="></latexit>

m(0K)
DM > 3.5 keV (2.5 keV)

<latexit sha1_base64="MGbboT8mUB/WjEqaAZQz6cAEkVo=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2AR2k2ZqUpdSVEXgggV7AXasWTStA1NZoYkI5Rh+iZufBU3LhTRnT6NaTuL2nog8OX/zyE5vxswKpVlfRuppeWV1bX0emZjc2t7x9zdq0k/FJhUsc980XCRJIx6pKqoYqQRCIK4y0jdHVyO/fojEZL63r0aBsThqOfRLsVIaaltlng7agkOr27jhygXWWO+ifMxPIfHhdPRxBuQWjzKFWev+baZtQrWpOAi2AlkQVKVtvnV6vg45MRTmCEpm7YVKCdCQlHMSJxphZIECA9QjzQ1eogT6USTBWN4pJUO7PpCH0/BiTo7ESEu5ZC7upMj1Zfz3lj8z2uGqnvmRNQLQkU8PH2oGzKofDhOC3aoIFixoQaEBdV/hbiPBMJKZ5rRIdjzKy9CrViwrYJ9d5ItXyRxpMEBOAQ5YIMSKINrUAFVgMETeAFv4N14Nl6ND+Nz2poykpl98KeMn1+VdqFc</latexit><latexit sha1_base64="MGbboT8mUB/WjEqaAZQz6cAEkVo=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2AR2k2ZqUpdSVEXgggV7AXasWTStA1NZoYkI5Rh+iZufBU3LhTRnT6NaTuL2nog8OX/zyE5vxswKpVlfRuppeWV1bX0emZjc2t7x9zdq0k/FJhUsc980XCRJIx6pKqoYqQRCIK4y0jdHVyO/fojEZL63r0aBsThqOfRLsVIaaltlng7agkOr27jhygXWWO+ifMxPIfHhdPRxBuQWjzKFWev+baZtQrWpOAi2AlkQVKVtvnV6vg45MRTmCEpm7YVKCdCQlHMSJxphZIECA9QjzQ1eogT6USTBWN4pJUO7PpCH0/BiTo7ESEu5ZC7upMj1Zfz3lj8z2uGqnvmRNQLQkU8PH2oGzKofDhOC3aoIFixoQaEBdV/hbiPBMJKZ5rRIdjzKy9CrViwrYJ9d5ItXyRxpMEBOAQ5YIMSKINrUAFVgMETeAFv4N14Nl6ND+Nz2poykpl98KeMn1+VdqFc</latexit><latexit sha1_base64="MGbboT8mUB/WjEqaAZQz6cAEkVo=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2AR2k2ZqUpdSVEXgggV7AXasWTStA1NZoYkI5Rh+iZufBU3LhTRnT6NaTuL2nog8OX/zyE5vxswKpVlfRuppeWV1bX0emZjc2t7x9zdq0k/FJhUsc980XCRJIx6pKqoYqQRCIK4y0jdHVyO/fojEZL63r0aBsThqOfRLsVIaaltlng7agkOr27jhygXWWO+ifMxPIfHhdPRxBuQWjzKFWev+baZtQrWpOAi2AlkQVKVtvnV6vg45MRTmCEpm7YVKCdCQlHMSJxphZIECA9QjzQ1eogT6USTBWN4pJUO7PpCH0/BiTo7ESEu5ZC7upMj1Zfz3lj8z2uGqnvmRNQLQkU8PH2oGzKofDhOC3aoIFixoQaEBdV/hbiPBMJKZ5rRIdjzKy9CrViwrYJ9d5ItXyRxpMEBOAQ5YIMSKINrUAFVgMETeAFv4N14Nl6ND+Nz2poykpl98KeMn1+VdqFc</latexit><latexit sha1_base64="MGbboT8mUB/WjEqaAZQz6cAEkVo=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2AR2k2ZqUpdSVEXgggV7AXasWTStA1NZoYkI5Rh+iZufBU3LhTRnT6NaTuL2nog8OX/zyE5vxswKpVlfRuppeWV1bX0emZjc2t7x9zdq0k/FJhUsc980XCRJIx6pKqoYqQRCIK4y0jdHVyO/fojEZL63r0aBsThqOfRLsVIaaltlng7agkOr27jhygXWWO+ifMxPIfHhdPRxBuQWjzKFWev+baZtQrWpOAi2AlkQVKVtvnV6vg45MRTmCEpm7YVKCdCQlHMSJxphZIECA9QjzQ1eogT6USTBWN4pJUO7PpCH0/BiTo7ESEu5ZC7upMj1Zfz3lj8z2uGqnvmRNQLQkU8PH2oGzKofDhOC3aoIFixoQaEBdV/hbiPBMJKZ5rRIdjzKy9CrViwrYJ9d5ItXyRxpMEBOAQ5YIMSKINrUAFVgMETeAFv4N14Nl6ND+Nz2poykpl98KeMn1+VdqFc</latexit>



Light fermionic DM from moduli 
decay
• In the early universe the energy of the DM must be 

in the form of bosons.
• The model

L = �+ L� + L + g(� ̄�) + h.c.
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Scalar field, produced 
through mis-alignment

DM

Dark radiation

m� & m� � m 
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The decay of the scalar field

• In 1 to 2 decay, in the rest frame of the mother particle the 
momenta of the final state particles  are fixed. 

• The Hubble expansion makes the momentum of DM 
smaller, which makes the decay possible. 

• When the universe is large enough the effect of the Pauli
exclusion principle can be neglected.

Hubble expansion
p�
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The decay of the scalar field
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Physical momentum 
of 𝜒 in the rest frame 
of 𝜙

dn�

dt
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p
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Early universe

dn�

dt
⇡ ���n�
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When the universe is large



The constraint from Lyman-alpha 
forests observations
• We compare the free streaming length of 𝜒 to the 

free streaming length of WDM.
• In this model the free streaming length is 

proportional to the velocity of 𝜒 in the rest frame 
of 𝜙.



Numerical result
m� ⇡ m� = 200 eV
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Velocity of 𝜒 in the rest frame of 𝜙



How to generate the small mass 
gap? (work in progress)

SUSY

SM Dark sector

Very weak interaction

Very weak interaction



Summary

• We build a freeze-in DM model. 
• With the self scattering and the self replication 

processes, the Lyman-alpha constraint can be lowered to 
about 2 keV.

• If we want to have O(100) fermionic DM, the 
energy of the DM should be stored in the form of 
bosonic field. 
• The mass gap required is very small. Maybe we can 

realize a natural model with SUSY.


