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Five Lectures 
on Dark Matter 

Second Lecture



Dark Matter Genesis



Dark Matter Genesis

What mechanism is responsible 
for dark matter production in 

the early universe?



Dark Matter Genesis

BBN

Mechanisms active before 
BBN have a caveat: 

unknown thermal history



Dark Matter Genesis

CMB

Mechanisms active before 
BBN have a caveat: 

unknown thermal history

Dark matter must be 
around @ CMB formation

BBN



Dark Matter Genesis

CMB

In these lectures: 
dark matter production before BBN 
with a standard expansion history

BBN



Setting the Stage
Dark matter production takes place when the energy 
density is dominated by a gas of relativistic particles



Setting the Stage

PRIMORDIAL BATH

Dark matter production takes place when the energy 
density is dominated by a gas of relativistic particles
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Primordial bath: 
Standard Model particles and 

possibly additional bath particles, 
all sharing the same temperature T



Setting the Stage

PRIMORDIAL BATH

Dark matter production takes place when the energy 
density is dominated by a gas of relativistic particles
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<latexit sha1_base64="GoW7OdWDLAojb3KX9RtDITZjp/A=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgKcxEMckt6MVjRPOAZAmzk9lkyOyDmVkhLPkELx4U8eoXefNvnE0iqGhBQ1HVTXeXF0uhDcYfTm5ldW19I79Z2Nre2d0r7h+0dZQoxlsskpHqelRzKULeMsJI3o0Vp4EnecebXGV+554rLaLwzkxj7gZ0FApfMGqsdHs5OBsUS7iMMSaEoIyQ6gW2pF6vVUgNkcyyKMESzUHxvT+MWBLw0DBJte4RHBs3pcoIJvms0E80jymb0BHvWRrSgGs3nZ86QydWGSI/UrZCg+bq94mUBlpPA892BtSM9W8vE//yeonxa24qwjgxPGSLRX4ikYlQ9jcaCsWZkVNLKFPC3orYmCrKjE2nYEP4+hT9T9qVMsFlcnNeajSWceThCI7hFAhUoQHX0IQWMBjBAzzBsyOdR+fFeV205pzlzCH8gPP2CQjQjaA=</latexit><latexit sha1_base64="GoW7OdWDLAojb3KX9RtDITZjp/A=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgKcxEMckt6MVjRPOAZAmzk9lkyOyDmVkhLPkELx4U8eoXefNvnE0iqGhBQ1HVTXeXF0uhDcYfTm5ldW19I79Z2Nre2d0r7h+0dZQoxlsskpHqelRzKULeMsJI3o0Vp4EnecebXGV+554rLaLwzkxj7gZ0FApfMGqsdHs5OBsUS7iMMSaEoIyQ6gW2pF6vVUgNkcyyKMESzUHxvT+MWBLw0DBJte4RHBs3pcoIJvms0E80jymb0BHvWRrSgGs3nZ86QydWGSI/UrZCg+bq94mUBlpPA892BtSM9W8vE//yeonxa24qwjgxPGSLRX4ikYlQ9jcaCsWZkVNLKFPC3orYmCrKjE2nYEP4+hT9T9qVMsFlcnNeajSWceThCI7hFAhUoQHX0IQWMBjBAzzBsyOdR+fFeV205pzlzCH8gPP2CQjQjaA=</latexit><latexit sha1_base64="GoW7OdWDLAojb3KX9RtDITZjp/A=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgKcxEMckt6MVjRPOAZAmzk9lkyOyDmVkhLPkELx4U8eoXefNvnE0iqGhBQ1HVTXeXF0uhDcYfTm5ldW19I79Z2Nre2d0r7h+0dZQoxlsskpHqelRzKULeMsJI3o0Vp4EnecebXGV+554rLaLwzkxj7gZ0FApfMGqsdHs5OBsUS7iMMSaEoIyQ6gW2pF6vVUgNkcyyKMESzUHxvT+MWBLw0DBJte4RHBs3pcoIJvms0E80jymb0BHvWRrSgGs3nZ86QydWGSI/UrZCg+bq94mUBlpPA892BtSM9W8vE//yeonxa24qwjgxPGSLRX4ikYlQ9jcaCsWZkVNLKFPC3orYmCrKjE2nYEP4+hT9T9qVMsFlcnNeajSWceThCI7hFAhUoQHX0IQWMBjBAzzBsyOdR+fFeV205pzlzCH8gPP2CQjQjaA=</latexit><latexit sha1_base64="GoW7OdWDLAojb3KX9RtDITZjp/A=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgKcxEMckt6MVjRPOAZAmzk9lkyOyDmVkhLPkELx4U8eoXefNvnE0iqGhBQ1HVTXeXF0uhDcYfTm5ldW19I79Z2Nre2d0r7h+0dZQoxlsskpHqelRzKULeMsJI3o0Vp4EnecebXGV+554rLaLwzkxj7gZ0FApfMGqsdHs5OBsUS7iMMSaEoIyQ6gW2pF6vVUgNkcyyKMESzUHxvT+MWBLw0DBJte4RHBs3pcoIJvms0E80jymb0BHvWRrSgGs3nZ86QydWGSI/UrZCg+bq94mUBlpPA892BtSM9W8vE//yeonxa24qwjgxPGSLRX4ikYlQ9jcaCsWZkVNLKFPC3orYmCrKjE2nYEP4+hT9T9qVMsFlcnNeajSWceThCI7hFAhUoQHX0IQWMBjBAzzBsyOdR+fFeV205pzlzCH8gPP2CQjQjaA=</latexit>

NUMBER DENSITIES

neq
i =

gi
2⇡2

Z 1

0
dE

E2

exp [E/T ]± 1
<latexit sha1_base64="BRLDG6NcmZvo7mgvad2PCsOCxtM="></latexit><latexit sha1_base64="BRLDG6NcmZvo7mgvad2PCsOCxtM="></latexit><latexit sha1_base64="BRLDG6NcmZvo7mgvad2PCsOCxtM="></latexit><latexit sha1_base64="BRLDG6NcmZvo7mgvad2PCsOCxtM="></latexit>

neq
i = gi

⇣(3)

⇡2
T 3

(
1 (BE)
3
4 (FD)

<latexit sha1_base64="jNcpfntopXsIRXhV4PpCe3uozCI="></latexit><latexit sha1_base64="jNcpfntopXsIRXhV4PpCe3uozCI="></latexit><latexit sha1_base64="jNcpfntopXsIRXhV4PpCe3uozCI="></latexit><latexit sha1_base64="jNcpfntopXsIRXhV4PpCe3uozCI="></latexit>

RELATIVISTIC

NON-RELATIVISTIC

neq
i = gi

✓
miT

2⇡

◆3/2

e�
(mi�µi)

T

<latexit sha1_base64="FxgruRpKYHRixwUM2Djm0BAR8lo="></latexit><latexit sha1_base64="FxgruRpKYHRixwUM2Djm0BAR8lo="></latexit><latexit sha1_base64="FxgruRpKYHRixwUM2Djm0BAR8lo="></latexit><latexit sha1_base64="FxgruRpKYHRixwUM2Djm0BAR8lo="></latexit>



Setting the Stage

PRIMORDIAL BATH

Dark matter production takes place when the energy 
density is dominated by a gas of relativistic particles

GA
µ

W I
µ

Bµ

Qi

ui

di Li

ei
H

B1
<latexit sha1_base64="wX4fiqUsoVVKeOXd2IPauSKUT9o=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxorWFdinZNNuGZrNLkhVK6U/w4kERr/4ib/4bs20FFX0w8Hhvhpl5QSKFsRh/eLmV1bX1jfxmYWt7Z3evuH9wZ+JUM95isYx1J6CGS6F4yworeSfRnEaB5O1gfJn57XuujYjVrZ0k3I/oUIlQMGqddHPRJ/1iCZcxxoQQlBFSPceO1Ou1CqkhklkOJVii2S++9wYxSyOuLJPUmC7BifWnVFvBJJ8VeqnhCWVjOuRdRxWNuPGn81Nn6MQpAxTG2pWyaK5+n5jSyJhJFLjOiNqR+e1l4l9eN7VhzZ8KlaSWK7ZYFKYS2Rhlf6OB0JxZOXGEMi3crYiNqKbMunQKLoSvT9H/5K5SJrhMrs9KjcYyjjwcwTGcAoEqNOAKmtACBkN4gCd49qT36L14r4vWnLecOYQf8N4+AQXIjZ4=</latexit><latexit sha1_base64="wX4fiqUsoVVKeOXd2IPauSKUT9o=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxorWFdinZNNuGZrNLkhVK6U/w4kERr/4ib/4bs20FFX0w8Hhvhpl5QSKFsRh/eLmV1bX1jfxmYWt7Z3evuH9wZ+JUM95isYx1J6CGS6F4yworeSfRnEaB5O1gfJn57XuujYjVrZ0k3I/oUIlQMGqddHPRJ/1iCZcxxoQQlBFSPceO1Ou1CqkhklkOJVii2S++9wYxSyOuLJPUmC7BifWnVFvBJJ8VeqnhCWVjOuRdRxWNuPGn81Nn6MQpAxTG2pWyaK5+n5jSyJhJFLjOiNqR+e1l4l9eN7VhzZ8KlaSWK7ZYFKYS2Rhlf6OB0JxZOXGEMi3crYiNqKbMunQKLoSvT9H/5K5SJrhMrs9KjcYyjjwcwTGcAoEqNOAKmtACBkN4gCd49qT36L14r4vWnLecOYQf8N4+AQXIjZ4=</latexit><latexit sha1_base64="wX4fiqUsoVVKeOXd2IPauSKUT9o=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxorWFdinZNNuGZrNLkhVK6U/w4kERr/4ib/4bs20FFX0w8Hhvhpl5QSKFsRh/eLmV1bX1jfxmYWt7Z3evuH9wZ+JUM95isYx1J6CGS6F4yworeSfRnEaB5O1gfJn57XuujYjVrZ0k3I/oUIlQMGqddHPRJ/1iCZcxxoQQlBFSPceO1Ou1CqkhklkOJVii2S++9wYxSyOuLJPUmC7BifWnVFvBJJ8VeqnhCWVjOuRdRxWNuPGn81Nn6MQpAxTG2pWyaK5+n5jSyJhJFLjOiNqR+e1l4l9eN7VhzZ8KlaSWK7ZYFKYS2Rhlf6OB0JxZOXGEMi3crYiNqKbMunQKLoSvT9H/5K5SJrhMrs9KjcYyjjwcwTGcAoEqNOAKmtACBkN4gCd49qT36L14r4vWnLecOYQf8N4+AQXIjZ4=</latexit><latexit sha1_base64="wX4fiqUsoVVKeOXd2IPauSKUT9o=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxorWFdinZNNuGZrNLkhVK6U/w4kERr/4ib/4bs20FFX0w8Hhvhpl5QSKFsRh/eLmV1bX1jfxmYWt7Z3evuH9wZ+JUM95isYx1J6CGS6F4yworeSfRnEaB5O1gfJn57XuujYjVrZ0k3I/oUIlQMGqddHPRJ/1iCZcxxoQQlBFSPceO1Ou1CqkhklkOJVii2S++9wYxSyOuLJPUmC7BifWnVFvBJJ8VeqnhCWVjOuRdRxWNuPGn81Nn6MQpAxTG2pWyaK5+n5jSyJhJFLjOiNqR+e1l4l9eN7VhzZ8KlaSWK7ZYFKYS2Rhlf6OB0JxZOXGEMi3crYiNqKbMunQKLoSvT9H/5K5SJrhMrs9KjcYyjjwcwTGcAoEqNOAKmtACBkN4gCd49qT36L14r4vWnLecOYQf8N4+AQXIjZ4=</latexit>

B2
<latexit sha1_base64="cGzPyWJPs/iGeB0LTL6J1oR4APU=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxorWFdinZNNuGZrNLkhVK6U/w4kERr/4ib/4bs20FFX0w8Hhvhpl5QSKFsRh/eLmV1bX1jfxmYWt7Z3evuH9wZ+JUM95isYx1J6CGS6F4yworeSfRnEaB5O1gfJn57XuujYjVrZ0k3I/oUIlQMGqddHPRr/SLJVzGGBNCUEZI9Rw7Uq/XKqSGSGY5lGCJZr/43hvELI24skxSY7oEJ9afUm0Fk3xW6KWGJ5SN6ZB3HVU04safzk+doROnDFAYa1fKorn6fWJKI2MmUeA6I2pH5reXiX953dSGNX8qVJJarthiUZhKZGOU/Y0GQnNm5cQRyrRwtyI2opoy69IpuBC+PkX/k7tKmeAyuT4rNRrLOPJwBMdwCgSq0IAraEILGAzhAZ7g2ZPeo/fivS5ac95y5hB+wHv7BAdMjZ8=</latexit><latexit sha1_base64="cGzPyWJPs/iGeB0LTL6J1oR4APU=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxorWFdinZNNuGZrNLkhVK6U/w4kERr/4ib/4bs20FFX0w8Hhvhpl5QSKFsRh/eLmV1bX1jfxmYWt7Z3evuH9wZ+JUM95isYx1J6CGS6F4yworeSfRnEaB5O1gfJn57XuujYjVrZ0k3I/oUIlQMGqddHPRr/SLJVzGGBNCUEZI9Rw7Uq/XKqSGSGY5lGCJZr/43hvELI24skxSY7oEJ9afUm0Fk3xW6KWGJ5SN6ZB3HVU04safzk+doROnDFAYa1fKorn6fWJKI2MmUeA6I2pH5reXiX953dSGNX8qVJJarthiUZhKZGOU/Y0GQnNm5cQRyrRwtyI2opoy69IpuBC+PkX/k7tKmeAyuT4rNRrLOPJwBMdwCgSq0IAraEILGAzhAZ7g2ZPeo/fivS5ac95y5hB+wHv7BAdMjZ8=</latexit><latexit sha1_base64="cGzPyWJPs/iGeB0LTL6J1oR4APU=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxorWFdinZNNuGZrNLkhVK6U/w4kERr/4ib/4bs20FFX0w8Hhvhpl5QSKFsRh/eLmV1bX1jfxmYWt7Z3evuH9wZ+JUM95isYx1J6CGS6F4yworeSfRnEaB5O1gfJn57XuujYjVrZ0k3I/oUIlQMGqddHPRr/SLJVzGGBNCUEZI9Rw7Uq/XKqSGSGY5lGCJZr/43hvELI24skxSY7oEJ9afUm0Fk3xW6KWGJ5SN6ZB3HVU04safzk+doROnDFAYa1fKorn6fWJKI2MmUeA6I2pH5reXiX953dSGNX8qVJJarthiUZhKZGOU/Y0GQnNm5cQRyrRwtyI2opoy69IpuBC+PkX/k7tKmeAyuT4rNRrLOPJwBMdwCgSq0IAraEILGAzhAZ7g2ZPeo/fivS5ac95y5hB+wHv7BAdMjZ8=</latexit><latexit sha1_base64="cGzPyWJPs/iGeB0LTL6J1oR4APU=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxorWFdinZNNuGZrNLkhVK6U/w4kERr/4ib/4bs20FFX0w8Hhvhpl5QSKFsRh/eLmV1bX1jfxmYWt7Z3evuH9wZ+JUM95isYx1J6CGS6F4yworeSfRnEaB5O1gfJn57XuujYjVrZ0k3I/oUIlQMGqddHPRr/SLJVzGGBNCUEZI9Rw7Uq/XKqSGSGY5lGCJZr/43hvELI24skxSY7oEJ9afUm0Fk3xW6KWGJ5SN6ZB3HVU04safzk+doROnDFAYa1fKorn6fWJKI2MmUeA6I2pH5reXiX953dSGNX8qVJJarthiUZhKZGOU/Y0GQnNm5cQRyrRwtyI2opoy69IpuBC+PkX/k7tKmeAyuT4rNRrLOPJwBMdwCgSq0IAraEILGAzhAZ7g2ZPeo/fivS5ac95y5hB+wHv7BAdMjZ8=</latexit> B3

<latexit sha1_base64="GoW7OdWDLAojb3KX9RtDITZjp/A=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgKcxEMckt6MVjRPOAZAmzk9lkyOyDmVkhLPkELx4U8eoXefNvnE0iqGhBQ1HVTXeXF0uhDcYfTm5ldW19I79Z2Nre2d0r7h+0dZQoxlsskpHqelRzKULeMsJI3o0Vp4EnecebXGV+554rLaLwzkxj7gZ0FApfMGqsdHs5OBsUS7iMMSaEoIyQ6gW2pF6vVUgNkcyyKMESzUHxvT+MWBLw0DBJte4RHBs3pcoIJvms0E80jymb0BHvWRrSgGs3nZ86QydWGSI/UrZCg+bq94mUBlpPA892BtSM9W8vE//yeonxa24qwjgxPGSLRX4ikYlQ9jcaCsWZkVNLKFPC3orYmCrKjE2nYEP4+hT9T9qVMsFlcnNeajSWceThCI7hFAhUoQHX0IQWMBjBAzzBsyOdR+fFeV205pzlzCH8gPP2CQjQjaA=</latexit><latexit sha1_base64="GoW7OdWDLAojb3KX9RtDITZjp/A=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgKcxEMckt6MVjRPOAZAmzk9lkyOyDmVkhLPkELx4U8eoXefNvnE0iqGhBQ1HVTXeXF0uhDcYfTm5ldW19I79Z2Nre2d0r7h+0dZQoxlsskpHqelRzKULeMsJI3o0Vp4EnecebXGV+554rLaLwzkxj7gZ0FApfMGqsdHs5OBsUS7iMMSaEoIyQ6gW2pF6vVUgNkcyyKMESzUHxvT+MWBLw0DBJte4RHBs3pcoIJvms0E80jymb0BHvWRrSgGs3nZ86QydWGSI/UrZCg+bq94mUBlpPA892BtSM9W8vE//yeonxa24qwjgxPGSLRX4ikYlQ9jcaCsWZkVNLKFPC3orYmCrKjE2nYEP4+hT9T9qVMsFlcnNeajSWceThCI7hFAhUoQHX0IQWMBjBAzzBsyOdR+fFeV205pzlzCH8gPP2CQjQjaA=</latexit><latexit sha1_base64="GoW7OdWDLAojb3KX9RtDITZjp/A=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgKcxEMckt6MVjRPOAZAmzk9lkyOyDmVkhLPkELx4U8eoXefNvnE0iqGhBQ1HVTXeXF0uhDcYfTm5ldW19I79Z2Nre2d0r7h+0dZQoxlsskpHqelRzKULeMsJI3o0Vp4EnecebXGV+554rLaLwzkxj7gZ0FApfMGqsdHs5OBsUS7iMMSaEoIyQ6gW2pF6vVUgNkcyyKMESzUHxvT+MWBLw0DBJte4RHBs3pcoIJvms0E80jymb0BHvWRrSgGs3nZ86QydWGSI/UrZCg+bq94mUBlpPA892BtSM9W8vE//yeonxa24qwjgxPGSLRX4ikYlQ9jcaCsWZkVNLKFPC3orYmCrKjE2nYEP4+hT9T9qVMsFlcnNeajSWceThCI7hFAhUoQHX0IQWMBjBAzzBsyOdR+fFeV205pzlzCH8gPP2CQjQjaA=</latexit><latexit sha1_base64="GoW7OdWDLAojb3KX9RtDITZjp/A=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgKcxEMckt6MVjRPOAZAmzk9lkyOyDmVkhLPkELx4U8eoXefNvnE0iqGhBQ1HVTXeXF0uhDcYfTm5ldW19I79Z2Nre2d0r7h+0dZQoxlsskpHqelRzKULeMsJI3o0Vp4EnecebXGV+554rLaLwzkxj7gZ0FApfMGqsdHs5OBsUS7iMMSaEoIyQ6gW2pF6vVUgNkcyyKMESzUHxvT+MWBLw0DBJte4RHBs3pcoIJvms0E80jymb0BHvWRrSgGs3nZ86QydWGSI/UrZCg+bq94mUBlpPA892BtSM9W8vE//yeonxa24qwjgxPGSLRX4ikYlQ9jcaCsWZkVNLKFPC3orYmCrKjE2nYEP4+hT9T9qVMsFlcnNeajSWceThCI7hFAhUoQHX0IQWMBjBAzzBsyOdR+fFeV205pzlzCH8gPP2CQjQjaA=</latexit>

ENERGY DENSITIES

RELATIVISTIC

NON-RELATIVISTIC

⇢eqi =
gi
2⇡2

Z 1

0
dE

E3

exp [E/T ]± 1
<latexit sha1_base64="5BFv9TJwycq+1bx0dDEDthCyhSI="></latexit><latexit sha1_base64="5BFv9TJwycq+1bx0dDEDthCyhSI="></latexit><latexit sha1_base64="5BFv9TJwycq+1bx0dDEDthCyhSI="></latexit><latexit sha1_base64="5BFv9TJwycq+1bx0dDEDthCyhSI="></latexit>

⇢eqi = min
eq
i

<latexit sha1_base64="VrRyclCttoABZEMMcwICtU8eJBM=">AAACC3icdZDLSgMxFIYzXmu9VV26CS2CqzJTh7aCQsGNywr2Ap1aMmmmDU0yY5IRytC9G1/FjQtF3PoC7nwbM23FC3og4ef7zyE5vx8xqrRtv1sLi0vLK6uZtez6xubWdm5nt6nCWGLSwCELZdtHijAqSENTzUg7kgRxn5GWPzpL/dYNkYqG4lKPI9LlaCBoQDHSBvVyeU8Ow6vEkxyS60mPwlPIzS169AvmCnbxuFouuWVoF2274pScVJQq7pELHUPSKoB51Xu5N68f4pgToTFDSnUcO9LdBElNMSOTrBcrEiE8QgPSMVIgTlQ3me4ygQeG9GEQSnOEhlP6fSJBXKkx900nR3qofnsp/MvrxDqodhMqolgTgWcPBTGDOoRpMLBPJcGajY1AWFLzV4iHSCKsTXxZE8LnpvB/0SwVHbvoXLiF2sk8jgzYB3lwCBxQATVwDuqgATC4BffgETxZd9aD9Wy9zFoXrPnMHvhR1usHlfeavg==</latexit><latexit sha1_base64="VrRyclCttoABZEMMcwICtU8eJBM=">AAACC3icdZDLSgMxFIYzXmu9VV26CS2CqzJTh7aCQsGNywr2Ap1aMmmmDU0yY5IRytC9G1/FjQtF3PoC7nwbM23FC3og4ef7zyE5vx8xqrRtv1sLi0vLK6uZtez6xubWdm5nt6nCWGLSwCELZdtHijAqSENTzUg7kgRxn5GWPzpL/dYNkYqG4lKPI9LlaCBoQDHSBvVyeU8Ow6vEkxyS60mPwlPIzS169AvmCnbxuFouuWVoF2274pScVJQq7pELHUPSKoB51Xu5N68f4pgToTFDSnUcO9LdBElNMSOTrBcrEiE8QgPSMVIgTlQ3me4ygQeG9GEQSnOEhlP6fSJBXKkx900nR3qofnsp/MvrxDqodhMqolgTgWcPBTGDOoRpMLBPJcGajY1AWFLzV4iHSCKsTXxZE8LnpvB/0SwVHbvoXLiF2sk8jgzYB3lwCBxQATVwDuqgATC4BffgETxZd9aD9Wy9zFoXrPnMHvhR1usHlfeavg==</latexit><latexit sha1_base64="VrRyclCttoABZEMMcwICtU8eJBM=">AAACC3icdZDLSgMxFIYzXmu9VV26CS2CqzJTh7aCQsGNywr2Ap1aMmmmDU0yY5IRytC9G1/FjQtF3PoC7nwbM23FC3og4ef7zyE5vx8xqrRtv1sLi0vLK6uZtez6xubWdm5nt6nCWGLSwCELZdtHijAqSENTzUg7kgRxn5GWPzpL/dYNkYqG4lKPI9LlaCBoQDHSBvVyeU8Ow6vEkxyS60mPwlPIzS169AvmCnbxuFouuWVoF2274pScVJQq7pELHUPSKoB51Xu5N68f4pgToTFDSnUcO9LdBElNMSOTrBcrEiE8QgPSMVIgTlQ3me4ygQeG9GEQSnOEhlP6fSJBXKkx900nR3qofnsp/MvrxDqodhMqolgTgWcPBTGDOoRpMLBPJcGajY1AWFLzV4iHSCKsTXxZE8LnpvB/0SwVHbvoXLiF2sk8jgzYB3lwCBxQATVwDuqgATC4BffgETxZd9aD9Wy9zFoXrPnMHvhR1usHlfeavg==</latexit><latexit sha1_base64="VrRyclCttoABZEMMcwICtU8eJBM=">AAACC3icdZDLSgMxFIYzXmu9VV26CS2CqzJTh7aCQsGNywr2Ap1aMmmmDU0yY5IRytC9G1/FjQtF3PoC7nwbM23FC3og4ef7zyE5vx8xqrRtv1sLi0vLK6uZtez6xubWdm5nt6nCWGLSwCELZdtHijAqSENTzUg7kgRxn5GWPzpL/dYNkYqG4lKPI9LlaCBoQDHSBvVyeU8Ow6vEkxyS60mPwlPIzS169AvmCnbxuFouuWVoF2274pScVJQq7pELHUPSKoB51Xu5N68f4pgToTFDSnUcO9LdBElNMSOTrBcrEiE8QgPSMVIgTlQ3me4ygQeG9GEQSnOEhlP6fSJBXKkx900nR3qofnsp/MvrxDqodhMqolgTgWcPBTGDOoRpMLBPJcGajY1AWFLzV4iHSCKsTXxZE8LnpvB/0SwVHbvoXLiF2sk8jgzYB3lwCBxQATVwDuqgATC4BffgETxZd9aD9Wy9zFoXrPnMHvhR1usHlfeavg==</latexit>

⇢eqi = gi
⇡2

30
T 4

(
1 (BE)
7
8 (FD)

<latexit sha1_base64="qKW/3PxJ69/mFmyLj0xiyhMP+uw="></latexit><latexit sha1_base64="qKW/3PxJ69/mFmyLj0xiyhMP+uw="></latexit><latexit sha1_base64="qKW/3PxJ69/mFmyLj0xiyhMP+uw="></latexit><latexit sha1_base64="qKW/3PxJ69/mFmyLj0xiyhMP+uw="></latexit>
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<latexit sha1_base64="+5zTDBV08tN0FDVoPciimKC362s=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQXZSkFnShUHDjskJf0KRlMp20QyeZMDMRSsjejb/ixoUibv0Bd/6N0zYLbT1w4XDOvdx7jxcxKpVlfRu5tfWNza38dmFnd2//wDw8akseC0xamDMuuh6ShNGQtBRVjHQjQVDgMdLxJrczv/NAhKQ8bKppRNwAjULqU4yUlgZm0RFjDm+g4wuEEyei/WqaXFgpHA3Oy80z2OzXBmbJqlhzwFViZ6QEMjQG5pcz5DgOSKgwQ1L2bCtSboKEopiRtODEkkQIT9CI9DQNUUCkm8x/SeGpVobQ50JXqOBc/T2RoEDKaeDpzgCpsVz2ZuJ/Xi9W/pWb0DCKFQnxYpEfM6g4nAUDh1QQrNhUE4QF1bdCPEY6FaXjK+gQ7OWXV0m7WrGtin1fK9Wvszjy4AQUQRnY4BLUwR1ogBbA4BE8g1fwZjwZL8a78bFozRnZzDH4A+PzB79dmOY=</latexit><latexit sha1_base64="+5zTDBV08tN0FDVoPciimKC362s=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQXZSkFnShUHDjskJf0KRlMp20QyeZMDMRSsjejb/ixoUibv0Bd/6N0zYLbT1w4XDOvdx7jxcxKpVlfRu5tfWNza38dmFnd2//wDw8akseC0xamDMuuh6ShNGQtBRVjHQjQVDgMdLxJrczv/NAhKQ8bKppRNwAjULqU4yUlgZm0RFjDm+g4wuEEyei/WqaXFgpHA3Oy80z2OzXBmbJqlhzwFViZ6QEMjQG5pcz5DgOSKgwQ1L2bCtSboKEopiRtODEkkQIT9CI9DQNUUCkm8x/SeGpVobQ50JXqOBc/T2RoEDKaeDpzgCpsVz2ZuJ/Xi9W/pWb0DCKFQnxYpEfM6g4nAUDh1QQrNhUE4QF1bdCPEY6FaXjK+gQ7OWXV0m7WrGtin1fK9Wvszjy4AQUQRnY4BLUwR1ogBbA4BE8g1fwZjwZL8a78bFozRnZzDH4A+PzB79dmOY=</latexit><latexit sha1_base64="+5zTDBV08tN0FDVoPciimKC362s=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQXZSkFnShUHDjskJf0KRlMp20QyeZMDMRSsjejb/ixoUibv0Bd/6N0zYLbT1w4XDOvdx7jxcxKpVlfRu5tfWNza38dmFnd2//wDw8akseC0xamDMuuh6ShNGQtBRVjHQjQVDgMdLxJrczv/NAhKQ8bKppRNwAjULqU4yUlgZm0RFjDm+g4wuEEyei/WqaXFgpHA3Oy80z2OzXBmbJqlhzwFViZ6QEMjQG5pcz5DgOSKgwQ1L2bCtSboKEopiRtODEkkQIT9CI9DQNUUCkm8x/SeGpVobQ50JXqOBc/T2RoEDKaeDpzgCpsVz2ZuJ/Xi9W/pWb0DCKFQnxYpEfM6g4nAUDh1QQrNhUE4QF1bdCPEY6FaXjK+gQ7OWXV0m7WrGtin1fK9Wvszjy4AQUQRnY4BLUwR1ogBbA4BE8g1fwZjwZL8a78bFozRnZzDH4A+PzB79dmOY=</latexit><latexit sha1_base64="+5zTDBV08tN0FDVoPciimKC362s=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQXZSkFnShUHDjskJf0KRlMp20QyeZMDMRSsjejb/ixoUibv0Bd/6N0zYLbT1w4XDOvdx7jxcxKpVlfRu5tfWNza38dmFnd2//wDw8akseC0xamDMuuh6ShNGQtBRVjHQjQVDgMdLxJrczv/NAhKQ8bKppRNwAjULqU4yUlgZm0RFjDm+g4wuEEyei/WqaXFgpHA3Oy80z2OzXBmbJqlhzwFViZ6QEMjQG5pcz5DgOSKgwQ1L2bCtSboKEopiRtODEkkQIT9CI9DQNUUCkm8x/SeGpVobQ50JXqOBc/T2RoEDKaeDpzgCpsVz2ZuJ/Xi9W/pWb0DCKFQnxYpEfM6g4nAUDh1QQrNhUE4QF1bdCPEY6FaXjK+gQ7OWXV0m7WrGtin1fK9Wvszjy4AQUQRnY4BLUwR1ogBbA4BE8g1fwZjwZL8a78bFozRnZzDH4A+PzB79dmOY=</latexit>

g⇤(T ) =
X

B (T>mB)

gB +
7

8

X

F (T>mF )

gF
<latexit sha1_base64="ZKntluqjqUSWf7R9hYfmssgFcxo="></latexit><latexit sha1_base64="ZKntluqjqUSWf7R9hYfmssgFcxo="></latexit><latexit sha1_base64="ZKntluqjqUSWf7R9hYfmssgFcxo="></latexit><latexit sha1_base64="ZKntluqjqUSWf7R9hYfmssgFcxo="></latexit>
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<latexit sha1_base64="+5zTDBV08tN0FDVoPciimKC362s=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQXZSkFnShUHDjskJf0KRlMp20QyeZMDMRSsjejb/ixoUibv0Bd/6N0zYLbT1w4XDOvdx7jxcxKpVlfRu5tfWNza38dmFnd2//wDw8akseC0xamDMuuh6ShNGQtBRVjHQjQVDgMdLxJrczv/NAhKQ8bKppRNwAjULqU4yUlgZm0RFjDm+g4wuEEyei/WqaXFgpHA3Oy80z2OzXBmbJqlhzwFViZ6QEMjQG5pcz5DgOSKgwQ1L2bCtSboKEopiRtODEkkQIT9CI9DQNUUCkm8x/SeGpVobQ50JXqOBc/T2RoEDKaeDpzgCpsVz2ZuJ/Xi9W/pWb0DCKFQnxYpEfM6g4nAUDh1QQrNhUE4QF1bdCPEY6FaXjK+gQ7OWXV0m7WrGtin1fK9Wvszjy4AQUQRnY4BLUwR1ogBbA4BE8g1fwZjwZL8a78bFozRnZzDH4A+PzB79dmOY=</latexit><latexit sha1_base64="+5zTDBV08tN0FDVoPciimKC362s=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQXZSkFnShUHDjskJf0KRlMp20QyeZMDMRSsjejb/ixoUibv0Bd/6N0zYLbT1w4XDOvdx7jxcxKpVlfRu5tfWNza38dmFnd2//wDw8akseC0xamDMuuh6ShNGQtBRVjHQjQVDgMdLxJrczv/NAhKQ8bKppRNwAjULqU4yUlgZm0RFjDm+g4wuEEyei/WqaXFgpHA3Oy80z2OzXBmbJqlhzwFViZ6QEMjQG5pcz5DgOSKgwQ1L2bCtSboKEopiRtODEkkQIT9CI9DQNUUCkm8x/SeGpVobQ50JXqOBc/T2RoEDKaeDpzgCpsVz2ZuJ/Xi9W/pWb0DCKFQnxYpEfM6g4nAUDh1QQrNhUE4QF1bdCPEY6FaXjK+gQ7OWXV0m7WrGtin1fK9Wvszjy4AQUQRnY4BLUwR1ogBbA4BE8g1fwZjwZL8a78bFozRnZzDH4A+PzB79dmOY=</latexit><latexit sha1_base64="+5zTDBV08tN0FDVoPciimKC362s=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQXZSkFnShUHDjskJf0KRlMp20QyeZMDMRSsjejb/ixoUibv0Bd/6N0zYLbT1w4XDOvdx7jxcxKpVlfRu5tfWNza38dmFnd2//wDw8akseC0xamDMuuh6ShNGQtBRVjHQjQVDgMdLxJrczv/NAhKQ8bKppRNwAjULqU4yUlgZm0RFjDm+g4wuEEyei/WqaXFgpHA3Oy80z2OzXBmbJqlhzwFViZ6QEMjQG5pcz5DgOSKgwQ1L2bCtSboKEopiRtODEkkQIT9CI9DQNUUCkm8x/SeGpVobQ50JXqOBc/T2RoEDKaeDpzgCpsVz2ZuJ/Xi9W/pWb0DCKFQnxYpEfM6g4nAUDh1QQrNhUE4QF1bdCPEY6FaXjK+gQ7OWXV0m7WrGtin1fK9Wvszjy4AQUQRnY4BLUwR1ogBbA4BE8g1fwZjwZL8a78bFozRnZzDH4A+PzB79dmOY=</latexit><latexit sha1_base64="+5zTDBV08tN0FDVoPciimKC362s=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQXZSkFnShUHDjskJf0KRlMp20QyeZMDMRSsjejb/ixoUibv0Bd/6N0zYLbT1w4XDOvdx7jxcxKpVlfRu5tfWNza38dmFnd2//wDw8akseC0xamDMuuh6ShNGQtBRVjHQjQVDgMdLxJrczv/NAhKQ8bKppRNwAjULqU4yUlgZm0RFjDm+g4wuEEyei/WqaXFgpHA3Oy80z2OzXBmbJqlhzwFViZ6QEMjQG5pcz5DgOSKgwQ1L2bCtSboKEopiRtODEkkQIT9CI9DQNUUCkm8x/SeGpVobQ50JXqOBc/T2RoEDKaeDpzgCpsVz2ZuJ/Xi9W/pWb0DCKFQnxYpEfM6g4nAUDh1QQrNhUE4QF1bdCPEY6FaXjK+gQ7OWXV0m7WrGtin1fK9Wvszjy4AQUQRnY4BLUwR1ogBbA4BE8g1fwZjwZL8a78bFozRnZzDH4A+PzB79dmOY=</latexit>
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<latexit sha1_base64="+5zTDBV08tN0FDVoPciimKC362s=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQXZSkFnShUHDjskJf0KRlMp20QyeZMDMRSsjejb/ixoUibv0Bd/6N0zYLbT1w4XDOvdx7jxcxKpVlfRu5tfWNza38dmFnd2//wDw8akseC0xamDMuuh6ShNGQtBRVjHQjQVDgMdLxJrczv/NAhKQ8bKppRNwAjULqU4yUlgZm0RFjDm+g4wuEEyei/WqaXFgpHA3Oy80z2OzXBmbJqlhzwFViZ6QEMjQG5pcz5DgOSKgwQ1L2bCtSboKEopiRtODEkkQIT9CI9DQNUUCkm8x/SeGpVobQ50JXqOBc/T2RoEDKaeDpzgCpsVz2ZuJ/Xi9W/pWb0DCKFQnxYpEfM6g4nAUDh1QQrNhUE4QF1bdCPEY6FaXjK+gQ7OWXV0m7WrGtin1fK9Wvszjy4AQUQRnY4BLUwR1ogBbA4BE8g1fwZjwZL8a78bFozRnZzDH4A+PzB79dmOY=</latexit><latexit sha1_base64="+5zTDBV08tN0FDVoPciimKC362s=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQXZSkFnShUHDjskJf0KRlMp20QyeZMDMRSsjejb/ixoUibv0Bd/6N0zYLbT1w4XDOvdx7jxcxKpVlfRu5tfWNza38dmFnd2//wDw8akseC0xamDMuuh6ShNGQtBRVjHQjQVDgMdLxJrczv/NAhKQ8bKppRNwAjULqU4yUlgZm0RFjDm+g4wuEEyei/WqaXFgpHA3Oy80z2OzXBmbJqlhzwFViZ6QEMjQG5pcz5DgOSKgwQ1L2bCtSboKEopiRtODEkkQIT9CI9DQNUUCkm8x/SeGpVobQ50JXqOBc/T2RoEDKaeDpzgCpsVz2ZuJ/Xi9W/pWb0DCKFQnxYpEfM6g4nAUDh1QQrNhUE4QF1bdCPEY6FaXjK+gQ7OWXV0m7WrGtin1fK9Wvszjy4AQUQRnY4BLUwR1ogBbA4BE8g1fwZjwZL8a78bFozRnZzDH4A+PzB79dmOY=</latexit><latexit sha1_base64="+5zTDBV08tN0FDVoPciimKC362s=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQXZSkFnShUHDjskJf0KRlMp20QyeZMDMRSsjejb/ixoUibv0Bd/6N0zYLbT1w4XDOvdx7jxcxKpVlfRu5tfWNza38dmFnd2//wDw8akseC0xamDMuuh6ShNGQtBRVjHQjQVDgMdLxJrczv/NAhKQ8bKppRNwAjULqU4yUlgZm0RFjDm+g4wuEEyei/WqaXFgpHA3Oy80z2OzXBmbJqlhzwFViZ6QEMjQG5pcz5DgOSKgwQ1L2bCtSboKEopiRtODEkkQIT9CI9DQNUUCkm8x/SeGpVobQ50JXqOBc/T2RoEDKaeDpzgCpsVz2ZuJ/Xi9W/pWb0DCKFQnxYpEfM6g4nAUDh1QQrNhUE4QF1bdCPEY6FaXjK+gQ7OWXV0m7WrGtin1fK9Wvszjy4AQUQRnY4BLUwR1ogBbA4BE8g1fwZjwZL8a78bFozRnZzDH4A+PzB79dmOY=</latexit><latexit sha1_base64="+5zTDBV08tN0FDVoPciimKC362s=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQXZSkFnShUHDjskJf0KRlMp20QyeZMDMRSsjejb/ixoUibv0Bd/6N0zYLbT1w4XDOvdx7jxcxKpVlfRu5tfWNza38dmFnd2//wDw8akseC0xamDMuuh6ShNGQtBRVjHQjQVDgMdLxJrczv/NAhKQ8bKppRNwAjULqU4yUlgZm0RFjDm+g4wuEEyei/WqaXFgpHA3Oy80z2OzXBmbJqlhzwFViZ6QEMjQG5pcz5DgOSKgwQ1L2bCtSboKEopiRtODEkkQIT9CI9DQNUUCkm8x/SeGpVobQ50JXqOBc/T2RoEDKaeDpzgCpsVz2ZuJ/Xi9W/pWb0DCKFQnxYpEfM6g4nAUDh1QQrNhUE4QF1bdCPEY6FaXjK+gQ7OWXV0m7WrGtin1fK9Wvszjy4AQUQRnY4BLUwR1ogBbA4BE8g1fwZjwZL8a78bFozRnZzDH4A+PzB79dmOY=</latexit>
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Standard Model value:
g⇤SM (T � 100GeV) = 106.75

<latexit sha1_base64="Y8pw6BgURiJ3o4Gl/k1SCR9Q+6c=">AAACE3icbVDLSsNAFJ34rPUVdelmsAi1lJKIWhcKBRe6ESr2BU0Ik+k0HTp5MDMRSsg/uPFX3LhQxK0bd/6N0zYLbT1w4XDOvdx7jxsxKqRhfGsLi0vLK6u5tfz6xubWtr6z2xJhzDFp4pCFvOMiQRgNSFNSyUgn4gT5LiNtd3g19tsPhAsaBg05iojtIy+gfYqRVJKjlzwnKVnl+9u02ICW50HTMKBVhonFfXhNWukRvFTaWaV66ugFo2JMAOeJmZECyFB39C+rF+LYJ4HEDAnRNY1I2gnikmJG0rwVCxIhPEQe6SoaIJ8IO5n8lMJDpfRgP+SqAgkn6u+JBPlCjHxXdfpIDsSsNxb/87qx7J/bCQ2iWJIATxf1YwZlCMcBwR7lBEs2UgRhTtWtEA8QR1iqGPMqBHP25XnSOq6YRsW8OynULrI4cmAfHIAiMEEV1MANqIMmwOARPINX8KY9aS/au/YxbV3Qspk98Afa5w/85ZnE</latexit><latexit sha1_base64="Y8pw6BgURiJ3o4Gl/k1SCR9Q+6c=">AAACE3icbVDLSsNAFJ34rPUVdelmsAi1lJKIWhcKBRe6ESr2BU0Ik+k0HTp5MDMRSsg/uPFX3LhQxK0bd/6N0zYLbT1w4XDOvdx7jxsxKqRhfGsLi0vLK6u5tfz6xubWtr6z2xJhzDFp4pCFvOMiQRgNSFNSyUgn4gT5LiNtd3g19tsPhAsaBg05iojtIy+gfYqRVJKjlzwnKVnl+9u02ICW50HTMKBVhonFfXhNWukRvFTaWaV66ugFo2JMAOeJmZECyFB39C+rF+LYJ4HEDAnRNY1I2gnikmJG0rwVCxIhPEQe6SoaIJ8IO5n8lMJDpfRgP+SqAgkn6u+JBPlCjHxXdfpIDsSsNxb/87qx7J/bCQ2iWJIATxf1YwZlCMcBwR7lBEs2UgRhTtWtEA8QR1iqGPMqBHP25XnSOq6YRsW8OynULrI4cmAfHIAiMEEV1MANqIMmwOARPINX8KY9aS/au/YxbV3Qspk98Afa5w/85ZnE</latexit><latexit sha1_base64="Y8pw6BgURiJ3o4Gl/k1SCR9Q+6c=">AAACE3icbVDLSsNAFJ34rPUVdelmsAi1lJKIWhcKBRe6ESr2BU0Ik+k0HTp5MDMRSsg/uPFX3LhQxK0bd/6N0zYLbT1w4XDOvdx7jxsxKqRhfGsLi0vLK6u5tfz6xubWtr6z2xJhzDFp4pCFvOMiQRgNSFNSyUgn4gT5LiNtd3g19tsPhAsaBg05iojtIy+gfYqRVJKjlzwnKVnl+9u02ICW50HTMKBVhonFfXhNWukRvFTaWaV66ugFo2JMAOeJmZECyFB39C+rF+LYJ4HEDAnRNY1I2gnikmJG0rwVCxIhPEQe6SoaIJ8IO5n8lMJDpfRgP+SqAgkn6u+JBPlCjHxXdfpIDsSsNxb/87qx7J/bCQ2iWJIATxf1YwZlCMcBwR7lBEs2UgRhTtWtEA8QR1iqGPMqBHP25XnSOq6YRsW8OynULrI4cmAfHIAiMEEV1MANqIMmwOARPINX8KY9aS/au/YxbV3Qspk98Afa5w/85ZnE</latexit><latexit sha1_base64="Y8pw6BgURiJ3o4Gl/k1SCR9Q+6c=">AAACE3icbVDLSsNAFJ34rPUVdelmsAi1lJKIWhcKBRe6ESr2BU0Ik+k0HTp5MDMRSsg/uPFX3LhQxK0bd/6N0zYLbT1w4XDOvdx7jxsxKqRhfGsLi0vLK6u5tfz6xubWtr6z2xJhzDFp4pCFvOMiQRgNSFNSyUgn4gT5LiNtd3g19tsPhAsaBg05iojtIy+gfYqRVJKjlzwnKVnl+9u02ICW50HTMKBVhonFfXhNWukRvFTaWaV66ugFo2JMAOeJmZECyFB39C+rF+LYJ4HEDAnRNY1I2gnikmJG0rwVCxIhPEQe6SoaIJ8IO5n8lMJDpfRgP+SqAgkn6u+JBPlCjHxXdfpIDsSsNxb/87qx7J/bCQ2iWJIATxf1YwZlCMcBwR7lBEs2UgRhTtWtEA8QR1iqGPMqBHP25XnSOq6YRsW8OynULrI4cmAfHIAiMEEV1MANqIMmwOARPINX8KY9aS/au/YxbV3Qspk98Afa5w/85ZnE</latexit>
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RADIATION DOMINATION

Scale factor : a(t) / t
1/2

Friedmann equation : H(t) =
1

2t
=

⇡ g⇤(T )1/2

3
p
10

T
2

MPl
<latexit sha1_base64="ahxgbf3aKKFo6VgchfBHK/ABx+Q="></latexit><latexit sha1_base64="ahxgbf3aKKFo6VgchfBHK/ABx+Q="></latexit><latexit sha1_base64="ahxgbf3aKKFo6VgchfBHK/ABx+Q="></latexit><latexit sha1_base64="ahxgbf3aKKFo6VgchfBHK/ABx+Q="></latexit>

MPl ⌘ (8⇡GN )�1/2 ' 2.4⇥ 1018 GeV
<latexit sha1_base64="QHxuXKfLo8eocDh7R3+JZa/PdZc="></latexit><latexit sha1_base64="QHxuXKfLo8eocDh7R3+JZa/PdZc="></latexit><latexit sha1_base64="QHxuXKfLo8eocDh7R3+JZa/PdZc="></latexit><latexit sha1_base64="QHxuXKfLo8eocDh7R3+JZa/PdZc="></latexit>
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<latexit sha1_base64="ahxgbf3aKKFo6VgchfBHK/ABx+Q="></latexit><latexit sha1_base64="ahxgbf3aKKFo6VgchfBHK/ABx+Q="></latexit><latexit sha1_base64="ahxgbf3aKKFo6VgchfBHK/ABx+Q="></latexit><latexit sha1_base64="ahxgbf3aKKFo6VgchfBHK/ABx+Q="></latexit>

✓
t

1 sec

◆✓
T

1MeV

◆2

' 1
<latexit sha1_base64="s4Rs/sTfh+VuZ5LYBmQSC4phGJ4="></latexit><latexit sha1_base64="s4Rs/sTfh+VuZ5LYBmQSC4phGJ4="></latexit><latexit sha1_base64="s4Rs/sTfh+VuZ5LYBmQSC4phGJ4="></latexit><latexit sha1_base64="s4Rs/sTfh+VuZ5LYBmQSC4phGJ4="></latexit>

Time-temperature relation:

MPl ⌘ (8⇡GN )�1/2 ' 2.4⇥ 1018 GeV
<latexit sha1_base64="QHxuXKfLo8eocDh7R3+JZa/PdZc="></latexit><latexit sha1_base64="QHxuXKfLo8eocDh7R3+JZa/PdZc="></latexit><latexit sha1_base64="QHxuXKfLo8eocDh7R3+JZa/PdZc="></latexit><latexit sha1_base64="QHxuXKfLo8eocDh7R3+JZa/PdZc="></latexit>



Entropy
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g⇤s(T )T

3

<latexit sha1_base64="1E9Le1R8QG7RFIwhqRtaxt9xQ18=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0WpLkpSK7pQKLhxWaEvaNIymU7aoZNJmJkIJeQP3Pgrblwo4tatO//GaZuFVg9cOJxzL/fe40WMSmVZX0ZuaXlldS2/XtjY3NreMXf3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2xjdTv31PhKQhb6hJRNwADTn1KUZKS33zWMJr6PgC4aQCnYj2KmlSPU/hsJ+cQpmWGiew0TuDfbNola0Z4F9iZ6QIMtT75qczCHEcEK4wQ1J2bStSboKEopiRtODEkkQIj9GQdDXlKCDSTWb/pPBIKwPoh0IXV3Cm/pxIUCDlJPB0Z4DUSC56U/E/rxsr/9JNKI9iRTieL/JjBlUIp+HAARUEKzbRBGFB9a0Qj5AOR+kICzoEe/Hlv6RVKdtW2b6rFmtXWRx5cAAOQQnY4ALUwC2ogybA4AE8gRfwajwaz8ab8T5vzRnZzD74BePjG7IZmd4=</latexit><latexit sha1_base64="1E9Le1R8QG7RFIwhqRtaxt9xQ18=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0WpLkpSK7pQKLhxWaEvaNIymU7aoZNJmJkIJeQP3Pgrblwo4tatO//GaZuFVg9cOJxzL/fe40WMSmVZX0ZuaXlldS2/XtjY3NreMXf3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2xjdTv31PhKQhb6hJRNwADTn1KUZKS33zWMJr6PgC4aQCnYj2KmlSPU/hsJ+cQpmWGiew0TuDfbNola0Z4F9iZ6QIMtT75qczCHEcEK4wQ1J2bStSboKEopiRtODEkkQIj9GQdDXlKCDSTWb/pPBIKwPoh0IXV3Cm/pxIUCDlJPB0Z4DUSC56U/E/rxsr/9JNKI9iRTieL/JjBlUIp+HAARUEKzbRBGFB9a0Qj5AOR+kICzoEe/Hlv6RVKdtW2b6rFmtXWRx5cAAOQQnY4ALUwC2ogybA4AE8gRfwajwaz8ab8T5vzRnZzD74BePjG7IZmd4=</latexit><latexit sha1_base64="1E9Le1R8QG7RFIwhqRtaxt9xQ18=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0WpLkpSK7pQKLhxWaEvaNIymU7aoZNJmJkIJeQP3Pgrblwo4tatO//GaZuFVg9cOJxzL/fe40WMSmVZX0ZuaXlldS2/XtjY3NreMXf3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2xjdTv31PhKQhb6hJRNwADTn1KUZKS33zWMJr6PgC4aQCnYj2KmlSPU/hsJ+cQpmWGiew0TuDfbNola0Z4F9iZ6QIMtT75qczCHEcEK4wQ1J2bStSboKEopiRtODEkkQIj9GQdDXlKCDSTWb/pPBIKwPoh0IXV3Cm/pxIUCDlJPB0Z4DUSC56U/E/rxsr/9JNKI9iRTieL/JjBlUIp+HAARUEKzbRBGFB9a0Qj5AOR+kICzoEe/Hlv6RVKdtW2b6rFmtXWRx5cAAOQQnY4ALUwC2ogybA4AE8gRfwajwaz8ab8T5vzRnZzD74BePjG7IZmd4=</latexit><latexit sha1_base64="1E9Le1R8QG7RFIwhqRtaxt9xQ18=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0WpLkpSK7pQKLhxWaEvaNIymU7aoZNJmJkIJeQP3Pgrblwo4tatO//GaZuFVg9cOJxzL/fe40WMSmVZX0ZuaXlldS2/XtjY3NreMXf3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2xjdTv31PhKQhb6hJRNwADTn1KUZKS33zWMJr6PgC4aQCnYj2KmlSPU/hsJ+cQpmWGiew0TuDfbNola0Z4F9iZ6QIMtT75qczCHEcEK4wQ1J2bStSboKEopiRtODEkkQIj9GQdDXlKCDSTWb/pPBIKwPoh0IXV3Cm/pxIUCDlJPB0Z4DUSC56U/E/rxsr/9JNKI9iRTieL/JjBlUIp+HAARUEKzbRBGFB9a0Qj5AOR+kICzoEe/Hlv6RVKdtW2b6rFmtXWRx5cAAOQQnY4ALUwC2ogybA4AE8gRfwajwaz8ab8T5vzRnZzD74BePjG7IZmd4=</latexit>

For the temperature range we are interested in: g⇤(T ) ' g⇤s(T )
<latexit sha1_base64="f0aMnH3icpFKcfYMQw2b8gtIsHw="></latexit><latexit sha1_base64="f0aMnH3icpFKcfYMQw2b8gtIsHw="></latexit><latexit sha1_base64="f0aMnH3icpFKcfYMQw2b8gtIsHw="></latexit><latexit sha1_base64="f0aMnH3icpFKcfYMQw2b8gtIsHw="></latexit>

Entropy density:



Entropy
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g⇤s(T )T

3

<latexit sha1_base64="1E9Le1R8QG7RFIwhqRtaxt9xQ18=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0WpLkpSK7pQKLhxWaEvaNIymU7aoZNJmJkIJeQP3Pgrblwo4tatO//GaZuFVg9cOJxzL/fe40WMSmVZX0ZuaXlldS2/XtjY3NreMXf3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2xjdTv31PhKQhb6hJRNwADTn1KUZKS33zWMJr6PgC4aQCnYj2KmlSPU/hsJ+cQpmWGiew0TuDfbNola0Z4F9iZ6QIMtT75qczCHEcEK4wQ1J2bStSboKEopiRtODEkkQIj9GQdDXlKCDSTWb/pPBIKwPoh0IXV3Cm/pxIUCDlJPB0Z4DUSC56U/E/rxsr/9JNKI9iRTieL/JjBlUIp+HAARUEKzbRBGFB9a0Qj5AOR+kICzoEe/Hlv6RVKdtW2b6rFmtXWRx5cAAOQQnY4ALUwC2ogybA4AE8gRfwajwaz8ab8T5vzRnZzD74BePjG7IZmd4=</latexit><latexit sha1_base64="1E9Le1R8QG7RFIwhqRtaxt9xQ18=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0WpLkpSK7pQKLhxWaEvaNIymU7aoZNJmJkIJeQP3Pgrblwo4tatO//GaZuFVg9cOJxzL/fe40WMSmVZX0ZuaXlldS2/XtjY3NreMXf3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2xjdTv31PhKQhb6hJRNwADTn1KUZKS33zWMJr6PgC4aQCnYj2KmlSPU/hsJ+cQpmWGiew0TuDfbNola0Z4F9iZ6QIMtT75qczCHEcEK4wQ1J2bStSboKEopiRtODEkkQIj9GQdDXlKCDSTWb/pPBIKwPoh0IXV3Cm/pxIUCDlJPB0Z4DUSC56U/E/rxsr/9JNKI9iRTieL/JjBlUIp+HAARUEKzbRBGFB9a0Qj5AOR+kICzoEe/Hlv6RVKdtW2b6rFmtXWRx5cAAOQQnY4ALUwC2ogybA4AE8gRfwajwaz8ab8T5vzRnZzD74BePjG7IZmd4=</latexit><latexit sha1_base64="1E9Le1R8QG7RFIwhqRtaxt9xQ18=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0WpLkpSK7pQKLhxWaEvaNIymU7aoZNJmJkIJeQP3Pgrblwo4tatO//GaZuFVg9cOJxzL/fe40WMSmVZX0ZuaXlldS2/XtjY3NreMXf3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2xjdTv31PhKQhb6hJRNwADTn1KUZKS33zWMJr6PgC4aQCnYj2KmlSPU/hsJ+cQpmWGiew0TuDfbNola0Z4F9iZ6QIMtT75qczCHEcEK4wQ1J2bStSboKEopiRtODEkkQIj9GQdDXlKCDSTWb/pPBIKwPoh0IXV3Cm/pxIUCDlJPB0Z4DUSC56U/E/rxsr/9JNKI9iRTieL/JjBlUIp+HAARUEKzbRBGFB9a0Qj5AOR+kICzoEe/Hlv6RVKdtW2b6rFmtXWRx5cAAOQQnY4ALUwC2ogybA4AE8gRfwajwaz8ab8T5vzRnZzD74BePjG7IZmd4=</latexit><latexit sha1_base64="1E9Le1R8QG7RFIwhqRtaxt9xQ18=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0WpLkpSK7pQKLhxWaEvaNIymU7aoZNJmJkIJeQP3Pgrblwo4tatO//GaZuFVg9cOJxzL/fe40WMSmVZX0ZuaXlldS2/XtjY3NreMXf3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2xjdTv31PhKQhb6hJRNwADTn1KUZKS33zWMJr6PgC4aQCnYj2KmlSPU/hsJ+cQpmWGiew0TuDfbNola0Z4F9iZ6QIMtT75qczCHEcEK4wQ1J2bStSboKEopiRtODEkkQIj9GQdDXlKCDSTWb/pPBIKwPoh0IXV3Cm/pxIUCDlJPB0Z4DUSC56U/E/rxsr/9JNKI9iRTieL/JjBlUIp+HAARUEKzbRBGFB9a0Qj5AOR+kICzoEe/Hlv6RVKdtW2b6rFmtXWRx5cAAOQQnY4ALUwC2ogybA4AE8gRfwajwaz8ab8T5vzRnZzD74BePjG7IZmd4=</latexit>

For the temperature range we are interested in: g⇤(T ) ' g⇤s(T )
<latexit sha1_base64="f0aMnH3icpFKcfYMQw2b8gtIsHw="></latexit><latexit sha1_base64="f0aMnH3icpFKcfYMQw2b8gtIsHw="></latexit><latexit sha1_base64="f0aMnH3icpFKcfYMQw2b8gtIsHw="></latexit><latexit sha1_base64="f0aMnH3icpFKcfYMQw2b8gtIsHw="></latexit>

Within our working assumptions, the 
entropy is a comoving volume is conserved:

sa3 = const ) g1/3⇤s (T )Ta = const

<latexit sha1_base64="stpbWLD8x2/JISAG9CqXnmBy/Cw="></latexit>

Entropy density:

Entropy conservation (temperature vs scale factor)



Comoving densities

Number density of particles 
inside a volume that does not 

change with the expansion
Yi ⌘

ni

s

<latexit sha1_base64="j2qX1lIktyUAijYfh8YSGHxti3Q=">AAACAnicbVBNS8NAEJ34WetX1JN4WSyCp5JIQb0VvXisYD+kKWGz3bRLN5u4uymUULz4V7x4UMSrv8Kb/8Ztm4O2Phh4vDfDzLwg4Uxpx/m2lpZXVtfWCxvFza3tnV17b7+h4lQSWicxj2UrwIpyJmhdM81pK5EURwGnzWBwPfGbQyoVi8WdHiW0E+GeYCEjWBvJtw/vfYY8+pCyIfJCiUkmfDbO1Bj5dskpO1OgReLmpAQ5ar795XVjkkZUaMKxUm3XSXQnw1Izwum46KWKJpgMcI+2DRU4oqqTTV8YoxOjdFEYS1NCo6n6eyLDkVKjKDCdEdZ9Ne9NxP+8dqrDi07GRJJqKshsUZhypGM0yQN1maRE85EhmEhmbkWkj00Q2qRWNCG48y8vksZZ2a2UL28rpepVHkcBjuAYTsGFc6jCDdSgDgQe4Rle4c16sl6sd+tj1rpk5TMH8AfW5w8f2JdJ</latexit>
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ni

s

<latexit sha1_base64="j2qX1lIktyUAijYfh8YSGHxti3Q=">AAACAnicbVBNS8NAEJ34WetX1JN4WSyCp5JIQb0VvXisYD+kKWGz3bRLN5u4uymUULz4V7x4UMSrv8Kb/8Ztm4O2Phh4vDfDzLwg4Uxpx/m2lpZXVtfWCxvFza3tnV17b7+h4lQSWicxj2UrwIpyJmhdM81pK5EURwGnzWBwPfGbQyoVi8WdHiW0E+GeYCEjWBvJtw/vfYY8+pCyIfJCiUkmfDbO1Bj5dskpO1OgReLmpAQ5ar795XVjkkZUaMKxUm3XSXQnw1Izwum46KWKJpgMcI+2DRU4oqqTTV8YoxOjdFEYS1NCo6n6eyLDkVKjKDCdEdZ9Ne9NxP+8dqrDi07GRJJqKshsUZhypGM0yQN1maRE85EhmEhmbkWkj00Q2qRWNCG48y8vksZZ2a2UL28rpepVHkcBjuAYTsGFc6jCDdSgDgQe4Rle4c16sl6sd+tj1rpk5TMH8AfW5w8f2JdJ</latexit>

Why is it useful?
It does not change in the absence of number changing processes

Yi =
ni

s
=

nia3

sa3
=

const1
const2

= const

<latexit sha1_base64="Vxh3LbA4JTbO46aIfv+UjLDVMYI="></latexit>

It scales out Hubble expansion



Comoving densities

Number density of particles 
inside a volume that does not 

change with the expansion
Yi ⌘

ni

s

<latexit sha1_base64="j2qX1lIktyUAijYfh8YSGHxti3Q=">AAACAnicbVBNS8NAEJ34WetX1JN4WSyCp5JIQb0VvXisYD+kKWGz3bRLN5u4uymUULz4V7x4UMSrv8Kb/8Ztm4O2Phh4vDfDzLwg4Uxpx/m2lpZXVtfWCxvFza3tnV17b7+h4lQSWicxj2UrwIpyJmhdM81pK5EURwGnzWBwPfGbQyoVi8WdHiW0E+GeYCEjWBvJtw/vfYY8+pCyIfJCiUkmfDbO1Bj5dskpO1OgReLmpAQ5ar795XVjkkZUaMKxUm3XSXQnw1Izwum46KWKJpgMcI+2DRU4oqqTTV8YoxOjdFEYS1NCo6n6eyLDkVKjKDCdEdZ9Ne9NxP+8dqrDi07GRJJqKshsUZhypGM0yQN1maRE85EhmEhmbkWkj00Q2qRWNCG48y8vksZZ2a2UL28rpepVHkcBjuAYTsGFc6jCDdSgDgQe4Rle4c16sl6sd+tj1rpk5TMH8AfW5w8f2JdJ</latexit>

RELATIVISTIC

NON-RELATIVISTIC

Y eq
i =

ge↵
g⇤s(T )

45 ⇣(3)

2⇡4

<latexit sha1_base64="eRechMXz8T6W99EbCAWuY/G1bOQ="></latexit>

Y eq
i =

gi
g⇤s(T )

45

4
p
2⇡7/2

⇣mi

T

⌘3/2
e

µi�mi
T

<latexit sha1_base64="KZKMr7HX6+GdbQbdpyeS6n/9AfU="></latexit>
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How do we classify dark matter 
production mechanisms?

THERMAL NON-THERMAL

A General Classification

WIMPs

SM neutrinos

Asym
metric 

DM

Axions



Thermal Dark Matter

�� ! SMSM

<latexit sha1_base64="lwcmc+wqJyJ30Mu9gvIIgDVzHQA=">AAACGXicbVDLSgMxFM3UV62vUZdugkVwIWVGCuqu6MaNUNE+oDOUTJppQzPJkGSUMvQ33Pgrblwo4lJX/o2Zdha19UDCyTn3cnNPEDOqtOP8WIWl5ZXVteJ6aWNza3vH3t1rKpFITBpYMCHbAVKEUU4ammpG2rEkKAoYaQXDq8xvPRCpqOD3ehQTP0J9TkOKkTZS13Y8PKBwep1AT9L+QCMpxWP2TD0Zwbub8Szv2mWn4kwAF4mbkzLIUe/aX15P4CQiXGOGlOq4Tqz9FElNMSPjkpcoEiM8RH3SMZSjiCg/nWw2hkdG6cFQSHO4hhN1tiNFkVKjKDCVEdIDNe9l4n9eJ9HhuZ9SHieacDwdFCYMagGzmGCPSoI1GxmCsKTmrxAPkERYmzBLJgR3fuVF0jytuNXKxW21XLvM4yiCA3AIjoELzkANXIM6aAAMnsALeAPv1rP1an1Yn9PSgpX37IM/sL5/AXTKnro=</latexit>

Dark matter particles achieve 
thermal equilibrium with the 

primordial plasma via collisions

HOW DO THEY THERMALIZE?



Thermal Dark Matter

�� ! SMSM

<latexit sha1_base64="lwcmc+wqJyJ30Mu9gvIIgDVzHQA=">AAACGXicbVDLSgMxFM3UV62vUZdugkVwIWVGCuqu6MaNUNE+oDOUTJppQzPJkGSUMvQ33Pgrblwo4lJX/o2Zdha19UDCyTn3cnNPEDOqtOP8WIWl5ZXVteJ6aWNza3vH3t1rKpFITBpYMCHbAVKEUU4ammpG2rEkKAoYaQXDq8xvPRCpqOD3ehQTP0J9TkOKkTZS13Y8PKBwep1AT9L+QCMpxWP2TD0Zwbub8Szv2mWn4kwAF4mbkzLIUe/aX15P4CQiXGOGlOq4Tqz9FElNMSPjkpcoEiM8RH3SMZSjiCg/nWw2hkdG6cFQSHO4hhN1tiNFkVKjKDCVEdIDNe9l4n9eJ9HhuZ9SHieacDwdFCYMagGzmGCPSoI1GxmCsKTmrxAPkERYmzBLJgR3fuVF0jytuNXKxW21XLvM4yiCA3AIjoELzkANXIM6aAAMnsALeAPv1rP1an1Yn9PSgpX37IM/sL5/AXTKnro=</latexit>

Dark matter particles achieve 
thermal equilibrium with the 

primordial plasma via collisions

HOW DO THEY THERMALIZE?

The universe becomes colder and more diluted, not enough 
interactions to ensure equilibrium, Hubble expansion wins

HOW DO THEY DECOUPLE?

�ann(TFO) = n�(TFO)h�vreliT=TFO
= H(TFO)

<latexit sha1_base64="iCydPN3eaIQf1R/KrITV5kIVkwM="></latexit>

Freeze-out of dark matter number density



Thermal Dark Matter
EARLY TIMES

n�(T ) = neq
�
(T ) (T > TFO)

<latexit sha1_base64="iPptxa1PLpup2IZw9dTlRF8lPro="></latexit>

At early times, much earlier 
than freeze-out, dark matter 

in thermal equilibrium



Thermal Dark Matter
EARLY TIMES LATE TIMES

n�(T ) = neq
�
(T ) (T > TFO)

<latexit sha1_base64="iPptxa1PLpup2IZw9dTlRF8lPro="></latexit>

At early times, much earlier 
than freeze-out, dark matter 

in thermal equilibrium

At late times, much later than 
freeze-out, dark matter 

diluted by Hubble expansion

n� / a�3

Y� =const

<latexit sha1_base64="m9m8/KHuOxmCV9RrVJxVvFctkX0=">AAACIHicbVDLSgMxFM3UVx1fVZdugkVxoWVGC9WFUHTjsoJ9SKcOmTTThmaSIckIZeinuPFX3LhQRHf6NabtLLR64MLhnHu5954gZlRpx/m0cnPzC4tL+WV7ZXVtfaOwudVQIpGY1LFgQrYCpAijnNQ11Yy0YklQFDDSDAaXY795T6Sigt/oYUw6EepxGlKMtJH8QoX7Hu5T6MVSxFrAfegdQnSXHp2MoOfZt1P3fKqnnowgFlzpkV8oOiVnAviXuBkpggw1v/DhdQVOIsI1ZkiptuvEupMiqSlmZGR7iSIxwgPUI21DOYqI6qSTB0dwzyhdGAppims4UX9OpChSahgFpjNCuq9mvbH4n9dOdHjaSSmPE004ni4KEwZNEuO0YJdKgjUbGoKwpOZWiPtIIqxNprYJwZ19+S9pHJfccunsulysXmRx5MEO2AUHwAUVUAVXoAbqAIMH8ARewKv1aD1bb9b7tDVnZTPb4Besr281qaCO</latexit>



Thermal Dark Matter
LATE TIMES

n�(T ) = neq
�
(T ) (T > TFO)

<latexit sha1_base64="iPptxa1PLpup2IZw9dTlRF8lPro="></latexit>

At early times, much earlier 
than freeze-out, dark matter 

in thermal equilibrium

At late times, much later than 
freeze-out, dark matter 

diluted by Hubble expansion

n� / a�3

Y� =const

<latexit sha1_base64="m9m8/KHuOxmCV9RrVJxVvFctkX0=">AAACIHicbVDLSgMxFM3UVx1fVZdugkVxoWVGC9WFUHTjsoJ9SKcOmTTThmaSIckIZeinuPFX3LhQRHf6NabtLLR64MLhnHu5954gZlRpx/m0cnPzC4tL+WV7ZXVtfaOwudVQIpGY1LFgQrYCpAijnNQ11Yy0YklQFDDSDAaXY795T6Sigt/oYUw6EepxGlKMtJH8QoX7Hu5T6MVSxFrAfegdQnSXHp2MoOfZt1P3fKqnnowgFlzpkV8oOiVnAviXuBkpggw1v/DhdQVOIsI1ZkiptuvEupMiqSlmZGR7iSIxwgPUI21DOYqI6qSTB0dwzyhdGAppims4UX9OpChSahgFpjNCuq9mvbH4n9dOdHjaSSmPE004ni4KEwZNEuO0YJdKgjUbGoKwpOZWiPtIIqxNprYJwZ19+S9pHJfccunsulysXmRx5MEO2AUHwAUVUAVXoAbqAIMH8ARewKv1aD1bb9b7tDVnZTPb4Besr281qaCO</latexit>

How do we connect the two regimes? 
The decoupling process is what sets the relic density

EARLY TIMES



Two cases for decoupling

n�(TFO)h�vreliT=TFO
= H(TFO)

<latexit sha1_base64="67/h2RiCIbqTN8uuWn0pfLhBTlg="></latexit>



Two cases for decoupling

n�(TFO)h�vreliT=TFO
= H(TFO)

<latexit sha1_base64="67/h2RiCIbqTN8uuWn0pfLhBTlg="></latexit>

HOT RELICS COLD RELICS

TFO � m�

<latexit sha1_base64="GFN91zIcCMzP1FpEZZ8KCrJjzhE=">AAAB+nicdVDLSsNAFJ34rPWV6tLNYBFchaSGPnZFQdxZoS9oQphMJ+3QyYOZiVJiP8WNC0Xc+iXu/BsnbQUVPXDhcM693HuPnzAqpGl+aCura+sbm4Wt4vbO7t6+XjroijjlmHRwzGLe95EgjEakI6lkpJ9wgkKfkZ4/ucj93i3hgsZRW04T4oZoFNGAYiSV5OmltpddXs+gMxrB0HPwmHp62TQa9WrFrkLTMM2aVbFyUqnZZza0lJKjDJZoefq7M4xxGpJIYoaEGFhmIt0McUkxI7OikwqSIDxBIzJQNEIhEW42P30GT5QyhEHMVUUSztXvExkKhZiGvuoMkRyL314u/uUNUhnU3YxGSSpJhBeLgpRBGcM8BziknGDJpoogzKm6FeIx4ghLlVZRhfD1KfyfdCuGZRuNG7vcPF/GUQBH4BicAgvUQBNcgRboAAzuwAN4As/avfaovWivi9YVbTlzCH5Ae/sErIeTqQ==</latexit>

TFO ⌧ m�

<latexit sha1_base64="UGpMjdiL7Xysd4GPdHW8Vh56Pj8=">AAAB+nicdVDLSgMxFM34rPU11aWbYBFclUkptt0VBXFnhb6gMwyZNG1Dk5khyShl7Ke4caGIW7/EnX9jpq2gogcuHM65l3vvCWLOlHacD2tldW19YzO3ld/e2d3btwsHHRUlktA2iXgkewFWlLOQtjXTnPZiSbEIOO0Gk4vM795SqVgUtvQ0pp7Ao5ANGcHaSL5daPnp5fUMupxD4btkzHy76JQcx0EIwYyg6pljSL1eK6MaRJllUARLNH373R1EJBE01IRjpfrIibWXYqkZ4XSWdxNFY0wmeET7hoZYUOWl89Nn8MQoAziMpKlQw7n6fSLFQqmpCEynwHqsfnuZ+JfXT/Sw5qUsjBNNQ7JYNEw41BHMcoADJinRfGoIJpKZWyEZY4mJNmnlTQhfn8L/SadcQpVS/aZSbJwv48iBI3AMTgECVdAAV6AJ2oCAO/AAnsCzdW89Wi/W66J1xVrOHIIfsN4+Aajhk6c=</latexit>



Two cases for decoupling

n�(TFO)h�vreliT=TFO
= H(TFO)

<latexit sha1_base64="67/h2RiCIbqTN8uuWn0pfLhBTlg="></latexit>

HOT RELICS COLD RELICS

TFO � m�

<latexit sha1_base64="GFN91zIcCMzP1FpEZZ8KCrJjzhE=">AAAB+nicdVDLSsNAFJ34rPWV6tLNYBFchaSGPnZFQdxZoS9oQphMJ+3QyYOZiVJiP8WNC0Xc+iXu/BsnbQUVPXDhcM693HuPnzAqpGl+aCura+sbm4Wt4vbO7t6+XjroijjlmHRwzGLe95EgjEakI6lkpJ9wgkKfkZ4/ucj93i3hgsZRW04T4oZoFNGAYiSV5OmltpddXs+gMxrB0HPwmHp62TQa9WrFrkLTMM2aVbFyUqnZZza0lJKjDJZoefq7M4xxGpJIYoaEGFhmIt0McUkxI7OikwqSIDxBIzJQNEIhEW42P30GT5QyhEHMVUUSztXvExkKhZiGvuoMkRyL314u/uUNUhnU3YxGSSpJhBeLgpRBGcM8BziknGDJpoogzKm6FeIx4ghLlVZRhfD1KfyfdCuGZRuNG7vcPF/GUQBH4BicAgvUQBNcgRboAAzuwAN4As/avfaovWivi9YVbTlzCH5Ae/sErIeTqQ==</latexit>
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<latexit sha1_base64="UGpMjdiL7Xysd4GPdHW8Vh56Pj8=">AAAB+nicdVDLSgMxFM34rPU11aWbYBFclUkptt0VBXFnhb6gMwyZNG1Dk5khyShl7Ke4caGIW7/EnX9jpq2gogcuHM65l3vvCWLOlHacD2tldW19YzO3ld/e2d3btwsHHRUlktA2iXgkewFWlLOQtjXTnPZiSbEIOO0Gk4vM795SqVgUtvQ0pp7Ao5ANGcHaSL5daPnp5fUMupxD4btkzHy76JQcx0EIwYyg6pljSL1eK6MaRJllUARLNH373R1EJBE01IRjpfrIibWXYqkZ4XSWdxNFY0wmeET7hoZYUOWl89Nn8MQoAziMpKlQw7n6fSLFQqmpCEynwHqsfnuZ+JfXT/Sw5qUsjBNNQ7JYNEw41BHMcoADJinRfGoIJpKZWyEZY4mJNmnlTQhfn8L/SadcQpVS/aZSbJwv48iBI3AMTgECVdAAV6AJ2oCAO/AAnsCzdW89Wi/W66J1xVrOHIIfsN4+Aajhk6c=</latexit>
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<latexit sha1_base64="5N3XFHVutKGhS+BU469IEuzd5Oo="></latexit>

Consistency condition:

TFO � m�

<latexit sha1_base64="NAiv76MCmRQgE61VE/lmrarA2Bc=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQiqLuiIO6s0Bc0IUymk3TozCTMTJQS+yluXCji1i9x5984bbPQ1gMXDufcy733hCmjSjvOt1VaWV1b3yhvVra2d3b37Op+RyWZxKSNE5bIXogUYVSQtqaakV4qCeIhI91wdD31uw9EKpqIlh6nxOcoFjSiGGkjBXa1FeQ3dxPoxTHkgYeHNLBrTt2ZAS4TtyA1UKAZ2F/eIMEZJ0JjhpTqu06q/RxJTTEjk4qXKZIiPEIx6RsqECfKz2enT+CxUQYwSqQpoeFM/T2RI67UmIemkyM9VIveVPzP62c6uvBzKtJME4Hni6KMQZ3AaQ5wQCXBmo0NQVhScyvEQyQR1iatignBXXx5mXRO6+5Z/fL+rNa4KuIog0NwBE6AC85BA9yCJmgDDB7BM3gFb9aT9WK9Wx/z1pJVzByAP7A+fwBMeJNn</latexit>

We have hot relics for small 
dark matter mass and/or small 

annihilation cross section



Current Density for Hot Relics

After interactions stop being effective, 
number density diluted by Hubble expansion

Y�(TFO) =
neq
�
(TFO)

s(TFO)
= const = Y�(T0)

<latexit sha1_base64="x0QAmMT4PS+oJY+SALuga8meUhE="></latexit>



Current Density for Hot Relics

After interactions stop being effective, 
number density diluted by Hubble expansion

Y�(TFO) =
neq
�
(TFO)

s(TFO)
= const = Y�(T0)

<latexit sha1_base64="x0QAmMT4PS+oJY+SALuga8meUhE="></latexit>
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<latexit sha1_base64="+nkiAsH8VDgsUADMQxGqY8IpSes="></latexit>

HOT RELICS



Cowsik-McClelland Bound

⇢hot(T0) = m�n�(T0) = m� Y�(TFO)s(T0)

<latexit sha1_base64="tlcUi/Ta34DXCgVa2Yf7G1n+syU="></latexit>
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<latexit sha1_base64="pEl0TPvcJH8ghB7Gjjfum9VcvFQ="></latexit>

CURRENT MASS DENSITY



Cowsik-McClelland Bound

⇢hot(T0) = m�n�(T0) = m� Y�(TFO)s(T0)

<latexit sha1_base64="tlcUi/Ta34DXCgVa2Yf7G1n+syU="></latexit>
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<latexit sha1_base64="Q30EVw4Dw7PgIMokxfP9GomLqK0="></latexit>

We cannot have more 
than what we observe!



Free-Streaming for Hot Relics
After decoupling, hot relics free-stream from 

overdense to underdense regions, erasing 
density perturbations

OVERDENSITY UNDERDENSITYFree-stream



Free-Streaming for Hot Relics
After decoupling, hot relics free-stream from 

overdense to underdense regions, erasing 
density perturbations

OVERDENSITY UNDERDENSITYFree-stream
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a MD

<latexit sha1_base64="Jw3d2Xz8YjjK8vb26m8a1WhGEPY="></latexit>

Free-streaming efficient until 
matter/radiation equality when 
gravitational collapse takes over

From first lecture



Free-Streaming for Hot Relics
After decoupling, hot relics free-stream from 

overdense to underdense regions, erasing 
density perturbations

OVERDENSITY UNDERDENSITYFree-stream
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<latexit sha1_base64="1fUyrfpJ4OFVpUIY0tlsWT+H0kw="></latexit>

PROBLEM 1



Free-Streaming for Hot Relics
After decoupling, hot relics free-stream from 

overdense to underdense regions, erasing 
density perturbations

OVERDENSITY UNDERDENSITYFree-stream

FREE-STREAMING MASS
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<latexit sha1_base64="XCwggh/BMmOwP41DCp+ke1gp1tQ="></latexit>

PROBLEM 1



Free-Streaming for Hot Relics

Hot relics lighter than keV erase density 
perturbations on scales greater than galactic halos

FREE-STREAMING MASS

MFS ' 2.5⇥ 1011 MSUN
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1 keV

mX

◆2

<latexit sha1_base64="XCwggh/BMmOwP41DCp+ke1gp1tQ="></latexit>

PROBLEM 1



SM neutrinos do not work

We can now see why SM neutrinos are 
not viable dark matter candidates



SM neutrinos do not work

We can now see why SM neutrinos are 
not viable dark matter candidates

Terrestrial and cosmological bounds 
constrain their mass to be below eV:

• violation of the Tremaine-Gunn bound
• violation of the Cowsik-McClelland bound
• too much free-streaming 

We need new physics 
beyond the Standard Model!





WIMPs

Weakly Interacting Massive Particles (WIMPs):
top-down motivated candidates

1GeV . mWIMP . 10TeV

�WIMP ' 1pb

<latexit sha1_base64="KClRXeL28v8/g6K0vUlUNpzuHIU="></latexit>



WIMPs

Weakly Interacting Massive Particles (WIMPs):
top-down motivated candidates

1GeV . mWIMP . 10TeV

�WIMP ' 1pb

<latexit sha1_base64="KClRXeL28v8/g6K0vUlUNpzuHIU="></latexit>

They decouple when they are non-relativistic

�v = a+ bv2 + . . .

<latexit sha1_base64="eBxu8miHy4AoHLqlY5TvajY8Q4c=">AAACB3icbVDLSgMxFM34rPU16lKQYBEEocyUgroQim5cVrAP6Iwlk8m0oUlmSDKFMnTnxl9x40IRt/6CO//GtJ2Fth643MM595LcEySMKu0439bS8srq2npho7i5tb2za+/tN1WcSkwaOGaxbAdIEUYFaWiqGWknkiAeMNIKBjcTvzUkUtFY3OtRQnyOeoJGFCNtpK595Cna4wgO4RVE8AwGcPhQMd1jYawV7Nolp+xMAReJm5MSyFHv2l9eGOOUE6ExQ0p1XCfRfoakppiRcdFLFUkQHqAe6RgqECfKz6Z3jOGJUUIYxdKU0HCq/t7IEFdqxAMzyZHuq3lvIv7ndVIdXfgZFUmqicCzh6KUQR3DSSgwpJJgzUaGICyp+SvEfSQR1ia6ognBnT95kTQrZbdavryrlmrXeRwFcAiOwSlwwTmogVtQBw2AwSN4Bq/gzXqyXqx362M2umTlOwfgD6zPH9e3lsQ=</latexit>

Partial wave expansion:
PROBLEM 2
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<latexit sha1_base64="TWT6ULNeWnvA9iCXKucjKGUP+tY=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjMiqLuiIO6s0Bd0hiGTZtrQJDMmmWIZ5gPc+CtuXCji1g9w59+YtrPQ1gOBwznncnNPEDOqtG1/W4Wl5ZXVteJ6aWNza3unvLvXUlEiMWniiEWyEyBFGBWkqalmpBNLgnjASDsYXk389ohIRSPR0OOYeBz1BQ0pRtpIfrny4KfXtxl0yX1CR9ANJcIp9108oFnamHqZSdlVewq4SJycVECOul/+cnsRTjgRGjOkVNexY+2lSGqKGclKbqJIjPAQ9UnXUIE4UV46PSaDR0bpwTCS5gkNp+rviRRxpcY8MEmO9EDNexPxP6+b6PDcS6mIE00Eni0KEwZ1BCfNwB6VBGs2NgRhSc1fIR4g04c2/ZVMCc78yYukdVJ1TqsXd6eV2mVeRxEcgENwDBxwBmrgBtRBE2DwCJ7BK3iznqwX6936mEULVj6zD/7A+vwBOhebww==</latexit>
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<latexit sha1_base64="iEuCwbom97/a/9zz4k94M8o0Y0M="></latexit>

xFO ⌘ m�
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<latexit sha1_base64="TWT6ULNeWnvA9iCXKucjKGUP+tY=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjMiqLuiIO6s0Bd0hiGTZtrQJDMmmWIZ5gPc+CtuXCji1g9w59+YtrPQ1gOBwznncnNPEDOqtG1/W4Wl5ZXVteJ6aWNza3unvLvXUlEiMWniiEWyEyBFGBWkqalmpBNLgnjASDsYXk389ohIRSPR0OOYeBz1BQ0pRtpIfrny4KfXtxl0yX1CR9ANJcIp9108oFnamHqZSdlVewq4SJycVECOul/+cnsRTjgRGjOkVNexY+2lSGqKGclKbqJIjPAQ9UnXUIE4UV46PSaDR0bpwTCS5gkNp+rviRRxpcY8MEmO9EDNexPxP6+b6PDcS6mIE00Eni0KEwZ1BCfNwB6VBGs2NgRhSc1fIR4g04c2/ZVMCc78yYukdVJ1TqsXd6eV2mVeRxEcgENwDBxwBmrgBtRBE2DwCJ7BK3iznqwX6936mEULVj6zD/7A+vwBOhebww==</latexit>

Weak (logarithmic) dependence 
on mass and cross section xFO ⌘ 20� 25

<latexit sha1_base64="xg8YVIaFmkjlOXiEKSyogLq1Wa4=">AAAB/nicbVDLSgNBEOz1GeNrVTx5GQyCF8NuiKi3oCDejGAekCzL7GQ2GTL7cGY2GJaAv+LFgyJe/Q5v/o2TZA+aWNBQVHXT3eXFnEllWd/GwuLS8spqbi2/vrG5tW3u7NZllAhCayTikWh6WFLOQlpTTHHajAXFgcdpw+tfjf3GgArJovBeDWPqBLgbMp8RrLTkmvuPbnp9O0Jt+pCwASpZ6ASVTl2zYBWtCdA8sTNSgAxV1/xqdyKSBDRUhGMpW7YVKyfFQjHC6SjfTiSNMenjLm1pGuKASiednD9CR1rpID8SukKFJurviRQHUg4DT3cGWPXkrDcW//NaifLPnZSFcaJoSKaL/IQjFaFxFqjDBCWKDzXBRDB9KyI9LDBROrG8DsGefXme1EtFu1y8uCsXKpdZHDk4gEM4BhvOoAI3UIUaEEjhGV7hzXgyXox342PaumBkM3vwB8bnD4Sek+k=</latexit>

WIMPs



WIMP Genesis

Comoving Volume

WIMP genesis takes place 
when the universe is 

dominated by a radiation bath 
(this is an assumption!)

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>
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B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit> B

<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>



WIMP Genesis

Comoving Volume

WIMP genesis takes place 
when the universe is 

dominated by a radiation bath 
(this is an assumption!)
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WIMP Genesis

Comoving Volume

WIMP genesis takes place 
when the universe is 

dominated by a radiation bath 
(this is an assumption!)
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There could be also something 
else (as it is the case for 

several motivated theories), 
just a change in g*
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WIMP Genesis

T ≫ dark matter mass: 
dark matter particles (X) in 
thermal equilibrium with the 
primordial bath particles (B)

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>X

<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

Comoving Volume



WIMP Genesis

T ~ dark matter mass: 
dark matter particles (X) 
starts to feel the Maxwell-

Boltzmann suppression

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>X

<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

Comoving Volume



WIMP Genesis

T ~ dark matter mass / 25: 
dark matter particles (X) 
decouple from the plasma 
and their comoving density 

freezes-out

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>X

<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
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Comoving Volume



WIMP Genesis

T ≪ dark matter mass / 25: 
dark matter particles (X) 

comoving density remains the 
same until today

We only need to compute the 
resulting relic density and 

compare it with observations!
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Comoving Volume
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The relic density has a weak dependence on the dark 
matter mass (logarithmic) and it is proportional to the 

inverse annihilation cross section

(Tomorrow we will study this in more detail with the help of the Boltzmann equation)
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Not a miracle, 
just a remarkable 

numerical coincidence!


