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Dwarf spheroidal galaxy (dSph):  
 the promising targets for studying DM

• Proximity (20-100 kpc) 
• Clean targets for indirect DM searches 
• Dark-matter rich system
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• Proximity (30-100 kpc) 
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Indirect detection of eV DM with Subaru-IRCS

Subaru-IRCS observation can place more stringent constraints on  of 
eV DM than the GC cooling.
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Dwarf spheroidal galaxy (dSph):  
 the promising targets for studying DM
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Axion DM
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Dwarf spheroidal galaxy (dSph):  
 the promising targets for studying DM
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Axion DM

To gain insight into the properties of dark matter 
from the Galactic dwarf spheroidals 

it is necessary to place tighter constraints  
on their dark matter density profiles.
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Diversity of the DM distributions?
Prediction from LCDM based  
N-body+hydro sims.

Prediction from LCDM based 
pure N-body sims.
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๏The diversity of the DM density 
profiles in the dSphs.  

๏There are still large uncertainties 
on their inner slopes.
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Diversity of the DM distributions?

๏The diversity of the DM density 
profiles in the dSphs.  

๏There are still large uncertainties 
on their inner slopes.

Prediction from LCDM based  
N-body+hydro sims.

Prediction from LCDM based 
pure N-body sims.
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The main reasons:  
1. Insufficient number of velocity data 
2. Parameter’s degeneracy occurs.
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Ex. Spherical Jeans eq.
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Degeneracy occurs between velocity anisotropy 
parameter and density distribution.

Ex. Spherical Jeans eq.
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How to break the degeneracy?
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Degeneracy occurs between velocity anisotropy 
parameter and density distribution.

• Higher-order velocity moments 
• New observational data such as proper motions of each member star 
• …

Ex. Spherical Jeans eq.



 degeneracyρDM − βani

How to break the degeneracy?

<latexit sha1_base64="v7on6oGCkOSY+WZPO4BcqnFUvdE="></latexit>

@[⌫(r)�2
r(r)]

@r
+

2⌫(r)�ani(r)�2
r(r)

r
= �⌫(r)

GMDM(r)

r2

<latexit sha1_base64="SXLtiTDwv4FvIbAIYbW+TdJDAlo="></latexit>

MDM(r) =

Z r

0
4⇡s2⇢DM(s)ds

<latexit sha1_base64="woC7j9gjiKOhnPQJTp6KcHpjJkg="></latexit>

�ani(r) = 1� �2
t (r)

2�2
r(r)

Degeneracy occurs between velocity anisotropy 
parameter and density distribution.

• Higher-order velocity moments 
• New observational data such as proper motions of each member star 
• …

Ex. Spherical Jeans eq.



Fourth order velocity moments and kurtosis

The shape of velocity distribution should be sensitive to velocity anisotropy.
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The 4th order velocity moments (spherically symmetry):

Kurtosis:
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Wardana, Chiba, KH (2024, in prep.)



Application to mock data sets
Two sets of new mock data: cuspy (green) and core (orange) (isotropic: .)β = 0

Core

Cusp

Cusp

Core
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Result: The power of 4th-order moments
Nstar = 500 stars, verr = 2 km/s (Similar to the typically available data for MW’s dSphs )

Core

Cusp
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<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit> �<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit> �

<latexit sha1_base64="fJIyrRA9+htmavx5mrJum3zYhzc=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSxCPbQkItVj0YvHCrYWmhA22027dLMbdjdCCPWvePGgiFd/iDf/jds2B219MPB4b4aZeWHCqNKO822V1tY3NrfK25Wd3b39A/vwqKdEKjHpYsGE7IdIEUY56WqqGeknkqA4ZOQhnNzM/IdHIhUV/F5nCfFjNOI0ohhpIwV2teExMQpy15nW3YYXEo3OArvmNJ054CpxC1IDBTqB/eUNBU5jwjVmSKmB6yTaz5HUFDMyrXipIgnCEzQiA0M5iony8/nxU3hqlCGMhDTFNZyrvydyFCuVxaHpjJEeq2VvJv7nDVIdXfk55UmqCceLRVHKoBZwlgQcUkmwZpkhCEtqboV4jCTC2uRVMSG4yy+vkt550201W3cXtfZ1EUcZHIMTUAcuuARtcAs6oAswyMAzeAVv1pP1Yr1bH4vWklXMVMEfWJ8/1kOTng==</latexit>

� log10(1� �)
<latexit sha1_base64="fJIyrRA9+htmavx5mrJum3zYhzc=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSxCPbQkItVj0YvHCrYWmhA22027dLMbdjdCCPWvePGgiFd/iDf/jds2B219MPB4b4aZeWHCqNKO822V1tY3NrfK25Wd3b39A/vwqKdEKjHpYsGE7IdIEUY56WqqGeknkqA4ZOQhnNzM/IdHIhUV/F5nCfFjNOI0ohhpIwV2teExMQpy15nW3YYXEo3OArvmNJ054CpxC1IDBTqB/eUNBU5jwjVmSKmB6yTaz5HUFDMyrXipIgnCEzQiA0M5iony8/nxU3hqlCGMhDTFNZyrvydyFCuVxaHpjJEeq2VvJv7nDVIdXfk55UmqCceLRVHKoBZwlgQcUkmwZpkhCEtqboV4jCTC2uRVMSG4yy+vkt550201W3cXtfZ1EUcZHIMTUAcuuARtcAs6oAswyMAzeAVv1pP1Yr1bH4vWklXMVMEfWJ8/1kOTng==</latexit>

� log10(1� �)

2nd-order only 2nd & 4th-order

Degeneracy Break the Degeneracy!!

Wardana, Chiba,  
KH (2024, in prep.)

Dafa Wardana



Result: Dependance of Nstar
2nd & 4th-order moments analysis, verr = 2 km/s is fixed.

<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit>�<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit>�
<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit> �<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit> �

<latexit sha1_base64="fJIyrRA9+htmavx5mrJum3zYhzc=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSxCPbQkItVj0YvHCrYWmhA22027dLMbdjdCCPWvePGgiFd/iDf/jds2B219MPB4b4aZeWHCqNKO822V1tY3NrfK25Wd3b39A/vwqKdEKjHpYsGE7IdIEUY56WqqGeknkqA4ZOQhnNzM/IdHIhUV/F5nCfFjNOI0ohhpIwV2teExMQpy15nW3YYXEo3OArvmNJ054CpxC1IDBTqB/eUNBU5jwjVmSKmB6yTaz5HUFDMyrXipIgnCEzQiA0M5iony8/nxU3hqlCGMhDTFNZyrvydyFCuVxaHpjJEeq2VvJv7nDVIdXfk55UmqCceLRVHKoBZwlgQcUkmwZpkhCEtqboV4jCTC2uRVMSG4yy+vkt550201W3cXtfZ1EUcZHIMTUAcuuARtcAs6oAswyMAzeAVv1pP1Yr1bH4vWklXMVMEfWJ8/1kOTng==</latexit>

� log10(1� �)
<latexit sha1_base64="fJIyrRA9+htmavx5mrJum3zYhzc=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSxCPbQkItVj0YvHCrYWmhA22027dLMbdjdCCPWvePGgiFd/iDf/jds2B219MPB4b4aZeWHCqNKO822V1tY3NrfK25Wd3b39A/vwqKdEKjHpYsGE7IdIEUY56WqqGeknkqA4ZOQhnNzM/IdHIhUV/F5nCfFjNOI0ohhpIwV2teExMQpy15nW3YYXEo3OArvmNJ054CpxC1IDBTqB/eUNBU5jwjVmSKmB6yTaz5HUFDMyrXipIgnCEzQiA0M5iony8/nxU3hqlCGMhDTFNZyrvydyFCuVxaHpjJEeq2VvJv7nDVIdXfk55UmqCceLRVHKoBZwlgQcUkmwZpkhCEtqboV4jCTC2uRVMSG4yy+vkt550201W3cXtfZ1EUcZHIMTUAcuuARtcAs6oAswyMAzeAVv1pP1Yr1bH4vWklXMVMEfWJ8/1kOTng==</latexit>

� log10(1� �)

500 stars 5000 stars

Wardana, Chiba, KH (2024, in prep.)

Dafa Wardana



Dafa Wardana

Result: Dependance of Nstar
2nd & 4th-order moments analysis, verr = 2 km/s is fixed.

<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit>�<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit>�
<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit> �<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit> �

<latexit sha1_base64="fJIyrRA9+htmavx5mrJum3zYhzc=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSxCPbQkItVj0YvHCrYWmhA22027dLMbdjdCCPWvePGgiFd/iDf/jds2B219MPB4b4aZeWHCqNKO822V1tY3NrfK25Wd3b39A/vwqKdEKjHpYsGE7IdIEUY56WqqGeknkqA4ZOQhnNzM/IdHIhUV/F5nCfFjNOI0ohhpIwV2teExMQpy15nW3YYXEo3OArvmNJ054CpxC1IDBTqB/eUNBU5jwjVmSKmB6yTaz5HUFDMyrXipIgnCEzQiA0M5iony8/nxU3hqlCGMhDTFNZyrvydyFCuVxaHpjJEeq2VvJv7nDVIdXfk55UmqCceLRVHKoBZwlgQcUkmwZpkhCEtqboV4jCTC2uRVMSG4yy+vkt550201W3cXtfZ1EUcZHIMTUAcuuARtcAs6oAswyMAzeAVv1pP1Yr1bH4vWklXMVMEfWJ8/1kOTng==</latexit>

� log10(1� �)
<latexit sha1_base64="fJIyrRA9+htmavx5mrJum3zYhzc=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSxCPbQkItVj0YvHCrYWmhA22027dLMbdjdCCPWvePGgiFd/iDf/jds2B219MPB4b4aZeWHCqNKO822V1tY3NrfK25Wd3b39A/vwqKdEKjHpYsGE7IdIEUY56WqqGeknkqA4ZOQhnNzM/IdHIhUV/F5nCfFjNOI0ohhpIwV2teExMQpy15nW3YYXEo3OArvmNJ054CpxC1IDBTqB/eUNBU5jwjVmSKmB6yTaz5HUFDMyrXipIgnCEzQiA0M5iony8/nxU3hqlCGMhDTFNZyrvydyFCuVxaHpjJEeq2VvJv7nDVIdXfk55UmqCceLRVHKoBZwlgQcUkmwZpkhCEtqboV4jCTC2uRVMSG4yy+vkt550201W3cXtfZ1EUcZHIMTUAcuuARtcAs6oAswyMAzeAVv1pP1Yr1bH4vWklXMVMEfWJ8/1kOTng==</latexit>

� log10(1� �)

500 stars 5000 stars
Numerous kinematic data should be required  

to place constraints on the DM profile!

Wardana, Chiba, KH (2024, in prep.)



Result: Dependance of verr
2nd & 4th-order moments analysis, Nstar = 5000.

<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit>�<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit>�
<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit> �<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit> �

<latexit sha1_base64="fJIyrRA9+htmavx5mrJum3zYhzc=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSxCPbQkItVj0YvHCrYWmhA22027dLMbdjdCCPWvePGgiFd/iDf/jds2B219MPB4b4aZeWHCqNKO822V1tY3NrfK25Wd3b39A/vwqKdEKjHpYsGE7IdIEUY56WqqGeknkqA4ZOQhnNzM/IdHIhUV/F5nCfFjNOI0ohhpIwV2teExMQpy15nW3YYXEo3OArvmNJ054CpxC1IDBTqB/eUNBU5jwjVmSKmB6yTaz5HUFDMyrXipIgnCEzQiA0M5iony8/nxU3hqlCGMhDTFNZyrvydyFCuVxaHpjJEeq2VvJv7nDVIdXfk55UmqCceLRVHKoBZwlgQcUkmwZpkhCEtqboV4jCTC2uRVMSG4yy+vkt550201W3cXtfZ1EUcZHIMTUAcuuARtcAs6oAswyMAzeAVv1pP1Yr1bH4vWklXMVMEfWJ8/1kOTng==</latexit>

� log10(1� �)
<latexit sha1_base64="fJIyrRA9+htmavx5mrJum3zYhzc=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSxCPbQkItVj0YvHCrYWmhA22027dLMbdjdCCPWvePGgiFd/iDf/jds2B219MPB4b4aZeWHCqNKO822V1tY3NrfK25Wd3b39A/vwqKdEKjHpYsGE7IdIEUY56WqqGeknkqA4ZOQhnNzM/IdHIhUV/F5nCfFjNOI0ohhpIwV2teExMQpy15nW3YYXEo3OArvmNJ054CpxC1IDBTqB/eUNBU5jwjVmSKmB6yTaz5HUFDMyrXipIgnCEzQiA0M5iony8/nxU3hqlCGMhDTFNZyrvydyFCuVxaHpjJEeq2VvJv7nDVIdXfk55UmqCceLRVHKoBZwlgQcUkmwZpkhCEtqboV4jCTC2uRVMSG4yy+vkt550201W3cXtfZ1EUcZHIMTUAcuuARtcAs6oAswyMAzeAVv1pP1Yr1bH4vWklXMVMEfWJ8/1kOTng==</latexit>

� log10(1� �)

Wardana, Chiba, KH (2024, in prep.)

<latexit sha1_base64="Vgri8aOvxEcFs+CffhIEF1xEXHY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFg8SkSPVY9OKxgrWFJoTNdtMu3U3C7qZQQv+BF/+KFw+KePXqzX/jpo2grQ8GHu/NMDMvSBiVyra/jNLS8srqWnm9srG5tb1j7u7dyzgVmLRwzGLRCZAkjEakpahipJMIgnjASDsYXud+e0SEpHF0p8YJ8TjqRzSkGCkt+ebxyHc5UgPBMyLExJWUw5plu6fwRx7yMznxzapt2VPAReIUpAoKNH3z0+3FOOUkUpghKbuOnSgvQ0JRzMik4qaSJAgPUZ90NY0QJ9LLpv9M4JFWejCMha5Iwan6eyJDXMoxD3RnfqSc93LxP6+bqvDSy2iUpIpEeLYoTBlUMczDgT0qCFZsrAnCgupbIR4ggbDSEVZ0CM78y4vkvmY5dat+e15tXBVxlMEBOAQnwAEXoAFuQBO0AAYP4Am8gFfj0Xg23oz3WWvJKGb2wR8YH9/H2ZyB</latexit>

verr ⇠ 2.0 km/s
<latexit sha1_base64="bJ8Xk8LG4cLHZc2CHB5dyrK4MzM=">AAACEHicbZDLSsNAFIYn9VbrLerSzWARXUhNRKrLohuXFewFmhAm00k7dCYJM5NCCXkEN76KGxeKuHXpzrdx0kbQ1h8Gfr5zDnPO78eMSmVZX0ZpaXllda28XtnY3NreMXf32jJKBCYtHLFIdH0kCaMhaSmqGOnGgiDuM9LxRzd5vTMmQtIovFeTmLgcDUIaUIyURp55PPYcjtRQ8JQIkTmScmjVLNs5hT98xM9k5plVjaeCi8YuTBUUanrmp9OPcMJJqDBDUvZsK1ZuioSimJGs4iSSxAiP0ID0tA0RJ9JNpwdl8EiTPgwioV+o4JT+nkgRl3LCfd2ZLynnazn8r9ZLVHDlpjSME0VCPPsoSBhUEczTgX0qCFZsog3CgupdIR4igbDSGVZ0CPb8yYumfV6z67X63UW1cV3EUQYH4BCcABtcgga4BU3QAhg8gCfwAl6NR+PZeDPeZ60lo5jZB39kfHwDP6ucug==</latexit>

verr ⇠ 0.01 km/s

<latexit sha1_base64="/OUXsDu3SEdE33ujWJ8NJ7TwSQA=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0VwVRKR6rLoxmVF+4AmhMlk0g6dScLMpFBCfsONv+LGhSIudeXfOGmDaOuBgcM55zL3Hj9hVCrL+jIqK6tr6xvVzdrW9s7unrl/0JVxKjDp4JjFou8jSRiNSEdRxUg/EQRxn5GeP74u/N6ECEnj6F5NE+JyNIxoSDFSWvJMywkFwpkj6ZAjz+FIjQTPgrtklOfZ5EcgQuS5DnHbM+tWw5oBLhO7JHVQou2ZH04Q45STSGGGpBzYVqLcDAlFMSN5zUklSRAeoyEZaBohTqSbzS7L4YlWAhjGQr9IwZn6eyJDXMop93Wy2FQueoX4nzdIVXjpZjRKUkUiPP8oTBlUMSxqggEVBCs21QRhQfWuEI+QrkrpMmu6BHvx5GXSPWvYzUbz9rzeuirrqIIjcAxOgQ0uQAvcgDboAAwewBN4Aa/Go/FsvBnv82jFKGcOwR8Yn9+L3qKH</latexit>�dSph

verr
⇠ 1

<latexit sha1_base64="b585N8E6FkPZ8+mF/ipMZ/kOp8U=">AAACHHicbVDLSsNAFJ34rPUVdekmWARXJVGpLotuXFa0D2hCmEwm7dCZSZiZFErIh7jxV9y4UMSNC8G/cdIG0dYDA4dzzmXuPUFCiVS2/WUsLa+srq1XNqqbW9s7u+befkfGqUC4jWIai14AJaaE47YiiuJeIjBkAcXdYHRd+N0xFpLE/F5NEuwxOOAkIggqLfnmmRsJiDJXkgGDvsugGgqWhXfJMM+z8Y+AhchzHWKObVd9s2bX7SmsReKUpAZKtHzzww1jlDLMFaJQyr5jJ8rLoFAEUZxX3VTiBKIRHOC+phwyLL1selxuHWsltKJY6MeVNVV/T2SQSTlhgU4Wy8p5rxD/8/qpii69jPAkVZij2UdRSi0VW0VTVkgERopONIFIEL2rhYZQt6V0n0UJzvzJi6RzWnca9cbtea15VdZRAYfgCJwAB1yAJrgBLdAGCDyAJ/ACXo1H49l4M95n0SWjnDkAf2B8fgPZIaMP</latexit>�dSph

verr
⇠ 100

Dafa Wardana



Result: Dependance of verr
2nd & 4th-order moments analysis, Nstar = 5000.

<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit>�<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit>�
<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit> �<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit> �

<latexit sha1_base64="fJIyrRA9+htmavx5mrJum3zYhzc=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSxCPbQkItVj0YvHCrYWmhA22027dLMbdjdCCPWvePGgiFd/iDf/jds2B219MPB4b4aZeWHCqNKO822V1tY3NrfK25Wd3b39A/vwqKdEKjHpYsGE7IdIEUY56WqqGeknkqA4ZOQhnNzM/IdHIhUV/F5nCfFjNOI0ohhpIwV2teExMQpy15nW3YYXEo3OArvmNJ054CpxC1IDBTqB/eUNBU5jwjVmSKmB6yTaz5HUFDMyrXipIgnCEzQiA0M5iony8/nxU3hqlCGMhDTFNZyrvydyFCuVxaHpjJEeq2VvJv7nDVIdXfk55UmqCceLRVHKoBZwlgQcUkmwZpkhCEtqboV4jCTC2uRVMSG4yy+vkt550201W3cXtfZ1EUcZHIMTUAcuuARtcAs6oAswyMAzeAVv1pP1Yr1bH4vWklXMVMEfWJ8/1kOTng==</latexit>

� log10(1� �)
<latexit sha1_base64="fJIyrRA9+htmavx5mrJum3zYhzc=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSxCPbQkItVj0YvHCrYWmhA22027dLMbdjdCCPWvePGgiFd/iDf/jds2B219MPB4b4aZeWHCqNKO822V1tY3NrfK25Wd3b39A/vwqKdEKjHpYsGE7IdIEUY56WqqGeknkqA4ZOQhnNzM/IdHIhUV/F5nCfFjNOI0ohhpIwV2teExMQpy15nW3YYXEo3OArvmNJ054CpxC1IDBTqB/eUNBU5jwjVmSKmB6yTaz5HUFDMyrXipIgnCEzQiA0M5iony8/nxU3hqlCGMhDTFNZyrvydyFCuVxaHpjJEeq2VvJv7nDVIdXfk55UmqCceLRVHKoBZwlgQcUkmwZpkhCEtqboV4jCTC2uRVMSG4yy+vkt550201W3cXtfZ1EUcZHIMTUAcuuARtcAs6oAswyMAzeAVv1pP1Yr1bH4vWklXMVMEfWJ8/1kOTng==</latexit>

� log10(1� �)

Wardana, Chiba, KH (2024, in prep.)

<latexit sha1_base64="Vgri8aOvxEcFs+CffhIEF1xEXHY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFg8SkSPVY9OKxgrWFJoTNdtMu3U3C7qZQQv+BF/+KFw+KePXqzX/jpo2grQ8GHu/NMDMvSBiVyra/jNLS8srqWnm9srG5tb1j7u7dyzgVmLRwzGLRCZAkjEakpahipJMIgnjASDsYXud+e0SEpHF0p8YJ8TjqRzSkGCkt+ebxyHc5UgPBMyLExJWUw5plu6fwRx7yMznxzapt2VPAReIUpAoKNH3z0+3FOOUkUpghKbuOnSgvQ0JRzMik4qaSJAgPUZ90NY0QJ9LLpv9M4JFWejCMha5Iwan6eyJDXMoxD3RnfqSc93LxP6+bqvDSy2iUpIpEeLYoTBlUMczDgT0qCFZsrAnCgupbIR4ggbDSEVZ0CM78y4vkvmY5dat+e15tXBVxlMEBOAQnwAEXoAFuQBO0AAYP4Am8gFfj0Xg23oz3WWvJKGb2wR8YH9/H2ZyB</latexit>

verr ⇠ 2.0 km/s
<latexit sha1_base64="bJ8Xk8LG4cLHZc2CHB5dyrK4MzM=">AAACEHicbZDLSsNAFIYn9VbrLerSzWARXUhNRKrLohuXFewFmhAm00k7dCYJM5NCCXkEN76KGxeKuHXpzrdx0kbQ1h8Gfr5zDnPO78eMSmVZX0ZpaXllda28XtnY3NreMXf32jJKBCYtHLFIdH0kCaMhaSmqGOnGgiDuM9LxRzd5vTMmQtIovFeTmLgcDUIaUIyURp55PPYcjtRQ8JQIkTmScmjVLNs5hT98xM9k5plVjaeCi8YuTBUUanrmp9OPcMJJqDBDUvZsK1ZuioSimJGs4iSSxAiP0ID0tA0RJ9JNpwdl8EiTPgwioV+o4JT+nkgRl3LCfd2ZLynnazn8r9ZLVHDlpjSME0VCPPsoSBhUEczTgX0qCFZsog3CgupdIR4igbDSGVZ0CPb8yYumfV6z67X63UW1cV3EUQYH4BCcABtcgga4BU3QAhg8gCfwAl6NR+PZeDPeZ60lo5jZB39kfHwDP6ucug==</latexit>

verr ⇠ 0.01 km/s

<latexit sha1_base64="/OUXsDu3SEdE33ujWJ8NJ7TwSQA=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0VwVRKR6rLoxmVF+4AmhMlk0g6dScLMpFBCfsONv+LGhSIudeXfOGmDaOuBgcM55zL3Hj9hVCrL+jIqK6tr6xvVzdrW9s7unrl/0JVxKjDp4JjFou8jSRiNSEdRxUg/EQRxn5GeP74u/N6ECEnj6F5NE+JyNIxoSDFSWvJMywkFwpkj6ZAjz+FIjQTPgrtklOfZ5EcgQuS5DnHbM+tWw5oBLhO7JHVQou2ZH04Q45STSGGGpBzYVqLcDAlFMSN5zUklSRAeoyEZaBohTqSbzS7L4YlWAhjGQr9IwZn6eyJDXMop93Wy2FQueoX4nzdIVXjpZjRKUkUiPP8oTBlUMSxqggEVBCs21QRhQfWuEI+QrkrpMmu6BHvx5GXSPWvYzUbz9rzeuirrqIIjcAxOgQ0uQAvcgDboAAwewBN4Aa/Go/FsvBnv82jFKGcOwR8Yn9+L3qKH</latexit>�dSph

verr
⇠ 1

<latexit sha1_base64="b585N8E6FkPZ8+mF/ipMZ/kOp8U=">AAACHHicbVDLSsNAFJ34rPUVdekmWARXJVGpLotuXFa0D2hCmEwm7dCZSZiZFErIh7jxV9y4UMSNC8G/cdIG0dYDA4dzzmXuPUFCiVS2/WUsLa+srq1XNqqbW9s7u+befkfGqUC4jWIai14AJaaE47YiiuJeIjBkAcXdYHRd+N0xFpLE/F5NEuwxOOAkIggqLfnmmRsJiDJXkgGDvsugGgqWhXfJMM+z8Y+AhchzHWKObVd9s2bX7SmsReKUpAZKtHzzww1jlDLMFaJQyr5jJ8rLoFAEUZxX3VTiBKIRHOC+phwyLL1selxuHWsltKJY6MeVNVV/T2SQSTlhgU4Wy8p5rxD/8/qpii69jPAkVZij2UdRSi0VW0VTVkgERopONIFIEL2rhYZQt6V0n0UJzvzJi6RzWnca9cbtea15VdZRAYfgCJwAB1yAJrgBLdAGCDyAJ/ACXo1H49l4M95n0SWjnDkAf2B8fgPZIaMP</latexit>�dSph

verr
⇠ 100

Dafa Wardana

The systematic bias cannot be 
eliminated by increasing the 
number of stars. 
It starts to be smaller than the 
velocity error when

<latexit sha1_base64="56wGs8rL2ViQVFhL6c8h8df+8Po=">AAACHnicbVDLSsNAFJ3UV62vqks3g0VwVRKp1WXRjcuK9gFNCZPJJB06k4SZSaGEfIkbf8WNC0UEV/o3Ttog2npg4HDOvXfuPW7MqFSm+WWUVlbX1jfKm5Wt7Z3dver+QVdGicCkgyMWib6LJGE0JB1FFSP9WBDEXUZ67vg693sTIiSNwns1jcmQoyCkPsVIacmpntu+QDi1JQ04cmyO1Ejw1LuLR1mWTn4EIkSW2YHSgzhsVJxqzaybM8BlYhWkBgq0neqH7UU44SRUmCEpB5YZq2GKhKKYkaxiJ5LECI9RQAaahogTOUxn52XwRCse9COhX6jgTP3dkSIu5ZS7ujJfVy56ufifN0iUfzlMaRgnioR4/pGfMKgimGcFPSoIVmyqCcKC6l0hHiGdl9KJ5iFYiycvk+5Z3WrWm7eNWuuqiKMMjsAxOAUWuAAtcAPaoAMweABP4AW8Go/Gs/FmvM9LS0bRcwj+wPj8BuxVpDM=</latexit>�dSph

verr
& 4



Fourth order velocity moments and kurtosis

To place further constraints on DM profiles in the dSphs via 4th order analysis, 
• Large number of kinematic data 
• Precise velocity measurements

Wardana, Chiba, KH (2024, in prep.)

Subaru-PFSSubaru-HSC



Subaru-PFS is coming soon. Nspec. ∼ 300 Nspec. ∼ 5000
Current PFS



Non-trivial effects on dynamical analysis should be considered
• Contamination stars (MW think disk, thin disk, and halo stars) 

• Binary stars (Binary system can inflate l.o.s velocity dispersions) 

• Tidal forces (Deviation from dynamical equilibrium)

L. Dobos (JHU) 

Contamination starsBinary stars
Kinematic info. 

generated by DM 
potential

C. Filion (JHU) E. Kirby (Notre Dome) KH
PFS-GA science team



DM density profile estimation through normalizing flows 

Observable informations are limited to: 
- Celestial coordinate 
- Line-of-sight velocity 

<latexit sha1_base64="kzgPfwdwqy3V4gqozFoqA3Cwq4s=">AAACFnicbVDLSgMxFM3UV62vUZdugkWoUMuMSHVZdOOygn1AW4ZMmk5DM8mQZGqnpV/hxl9x40IRt+LOvzF9LLT1wIHDOfeS3ONHjCrtON9WamV1bX0jvZnZ2t7Z3bP3D6pKxBKTChZMyLqPFGGUk4qmmpF6JAkKfUZqfu9mktf6RCoq+L1OItIKUcBph2KkjeXZZ7lBPskP831vYJgYDk9hkwkeSBp0NZJSPMDpzCTx7KxTcKaAy8KdiyyYo+zZX822wHFIuMYMKdVwnUi3RkhqihkZZ5qxIhHCPRSQhpEchUS1RtOzxvDEOG3YEdKQazh1f2+MUKhUEvpmMkS6qxaziflf1oh156o1ojyKNeF49lAnZlALOOkItqkkWLPECIQlNX+FuIskwto0mTEluIsnL4vqecEtFop3F9nS9byONDgCxyAHXHAJSuAWlEEFYPAInsEreLOerBfr3fqYjaas+c4h+APr8wer6554</latexit>

(x, y, z, vx, vy, vz) �! (x, y, vz)

Conventional methods introduce in order to simplify the problem and 
make it solvable only with limited information: 
- Symmetry assumptions (e.g., spherical, axisymmetric) 
- Parameterized stellar and DM density profiles 
- Velocity anisotropy profile 
- etc… 

Lim, KH, Nojiri et al. (2024, in prep.)



DM density profile estimation through normalizing flows 

Observable informations are limited to: 
- Celestial coordinate 
- Line-of-sight velocity 

<latexit sha1_base64="kzgPfwdwqy3V4gqozFoqA3Cwq4s=">AAACFnicbVDLSgMxFM3UV62vUZdugkWoUMuMSHVZdOOygn1AW4ZMmk5DM8mQZGqnpV/hxl9x40IRt+LOvzF9LLT1wIHDOfeS3ONHjCrtON9WamV1bX0jvZnZ2t7Z3bP3D6pKxBKTChZMyLqPFGGUk4qmmpF6JAkKfUZqfu9mktf6RCoq+L1OItIKUcBph2KkjeXZZ7lBPskP831vYJgYDk9hkwkeSBp0NZJSPMDpzCTx7KxTcKaAy8KdiyyYo+zZX822wHFIuMYMKdVwnUi3RkhqihkZZ5qxIhHCPRSQhpEchUS1RtOzxvDEOG3YEdKQazh1f2+MUKhUEvpmMkS6qxaziflf1oh156o1ojyKNeF49lAnZlALOOkItqkkWLPECIQlNX+FuIskwto0mTEluIsnL4vqecEtFop3F9nS9byONDgCxyAHXHAJSuAWlEEFYPAInsEreLOerBfr3fqYjaas+c4h+APr8wer6554</latexit>

(x, y, z, vx, vy, vz) �! (x, y, vz)

Conventional methods introduce in order to simplify the problem and 
make it solvable only with limited information: 
- Symmetry assumptions (e.g., spherical, axisymmetric) 
- Parameterized stellar and DM density profiles 
- Velocity anisotropy profile 
- etc… 

We introduce model-independent, unbinned 
Jeans analysis using neural density estimator. 

Normalizing flows
<latexit sha1_base64="sYKEgLagxiLZQVCJTgIBABU5PEU=">AAACFHicbVA9SwNBEN3z2/gVtbRZDEJECXciainaWEYwUcidYW8zSZbs7R27c2o48iNs/Cs2ForYWtj5b9zEKzT6YODx3szuzAsTKQy67qczMTk1PTM7N19YWFxaXimurtVNnGoONR7LWF+FzIAUCmooUMJVooFFoYTLsHc69C9vQBsRqwvsJxBErKNEW3CGVmoWd3yEOxy9k/VByvh2kPkqLevtXZ/6RnQidr3X1NQKg2ax5FbcEehf4uWkRHJUm8UPvxXzNAKFXDJjGp6bYJAxjYJLGBT81EDCeI91oGGpYhGYIBstM6BbVmnRdqxtKaQj9edExiJj+lFoOyOGXTPuDcX/vEaK7aMgEypJERT//qidSooxHSZEW0IDR9m3hHEt7K6Ud5lmHG2OBRuCN37yX1Lfq3gHlYPz/dLxSR7HHNkgm6RMPHJIjskZqZIa4eSePJJn8uI8OE/Oq/P23Trh5DPr5Bec9y+rpZ6L</latexit>
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Normalizing flows: Neural Density Estimator

Normalizing Flows (NFs) is an artificial neural network that 
learns a transformation of random variables.

Base distribution (known) Target distribution (data)

NN

Lim, KH, Nojiri et al. (2024, in prep.)

Lim



Normalizing flows: Neural Density Estimator

Normalizing Flows (NFs) is an artificial neural network that 
learns a transformation of random variables.

Base distribution (known) Target distribution (data)

NN

We train normalizing flows 
to learn the phase-space 
density of stars in dSph.

The learned density function and 
spherical jeans equation can be 
used for inferring the DM density 
profile in a model-independent, and 
unbinned way.

Lim, KH, Nojiri et al. (2024, in prep.)
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Results: Stellar number density

Inferred stellar number density trained on 2D position (x,y). 
Mock 1000 stars are taken from GaiaChallenge with cusp DM, isotropic: .β = 0

Lim, KH, Nojiri et al. (2024, in prep.)
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Results: Dark matter density

Inferred mass density calculated from stellar density and velocity dispersion 
trained on 3D infomation (x,y, vz).

Lim, KH, Nojiri et al. (2024, in prep.)
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Results: Dark matter density

Inferred mass density calculated from stellar density and velocity dispersion 
trained on 3D infomation (x,y, vz).

Next step: 
• Generalizing the framework to axisymmetric 
system.  
• Doing Bayesian analysis with velocity anisotropy 
to give credible interval for the DM halo profile.  
• Applying our analysis to real dwarf spheroidal 
galaxies.

Lim, KH, Nojiri et al. (2024, in prep.)
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Take Home Message
• The Galactic dwarf spheroidal galaxies are ideal target for studying the basic 
properties of dark matter. 

• The current constraints on their DM density profiles still have large 
uncertainties, even though several dSphs favor cusped DM halo. 

• Our teams are now developing new dynamical analysis to place further 
constraints on dSph’s DM density profile. 

•Subaru HSC/PFS enable us to hunt a huge number of dSph’s stars out to 
their outskirts, and thereby placing tighter constraints on their DM density 
profiles.


