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1. Evolution in Astronomical Disk Observations

ALMA in mm

JWST is coming soon

ALMA Partnership et al 2015We can see planet-
forming regions
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OSIRIS-REx

Hayabusa

Rosetta

We can touch
planet-forming 

materials
Meteorites
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2. Evolution in Space Engineering & Lab Experiments

Second Stage
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3. Evolution in the Number of Known (exo)Planets

We can characterize
(exo)planetary systems
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Super-Earths

Third Stage



Golden era of 
(exo)planetary 

sciences
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First Stage

A Comprehensive Examination of Planet Formation 
Covering the Full Size Range

Planet formation: 
Long journey 

from dust to planets
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The Origin of the Total Heavy 
Element in Observed Exoplanets
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Exoplanets are Ubiquitous in Our Galaxy 



Background 1: How do Planets form? 

Mordasini et al 2009a

The planet mass-
semimajor axis

can be observed



Background 2: How do Planets form? 

The planet radius
can be observed

=> the bulk density

The atmosphere
can be observed

=> the composition

Thorngren et al 2016



Estimate of the heavy element mass in 
observed exoplanets

Target selection: relatively cool close-in exoplanets

Compute the radius evolution of planets,
by distribute heavy elements in cores and atmospheres 



Results of Thorngren et al 2016
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: the total heavy element mass in planets with the mass of Mp
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: the metallicity of the host star 
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Zs
<latexit sha1_base64="485RF0k+rsOGPNO+J2Mgac0Ebho=">AAAB6XicjVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juiaYLGF20psMmZ1ZZmaFsOQTvHhQ8eofefNvnDwOKgoWNBRV3XR3Rangxvr+h1dYWFxaXimultbWNza3yts7t0ZlmmHAlFC6FVGDgksMLLcCW6lGmkQCm9HwYuI371EbruSNHaUYJrQvecwZtU66vuuabrlSq/pTkL9JBeZodMvvnZ5iWYLSMkGNadf81IY51ZYzgeNSJzOYUjakfWw7KmmCJsynp47JgVN6JFbalbRkqn6dyGlizCiJXGdC7cD89Cbib147s/FpmHOZZhYlmy2KM0GsIpO/SY9rZFaMHKFMc3crYQOqKbMundL/QgiOqmdV/+q4Uj+fp1GEPdiHQ6jBCdThEhoQAIM+PMATPHvCe/RevNdZa8Gbz+zCN3hvn7O1jZo=</latexit><latexit sha1_base64="485RF0k+rsOGPNO+J2Mgac0Ebho=">AAAB6XicjVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juiaYLGF20psMmZ1ZZmaFsOQTvHhQ8eofefNvnDwOKgoWNBRV3XR3Rangxvr+h1dYWFxaXimultbWNza3yts7t0ZlmmHAlFC6FVGDgksMLLcCW6lGmkQCm9HwYuI371EbruSNHaUYJrQvecwZtU66vuuabrlSq/pTkL9JBeZodMvvnZ5iWYLSMkGNadf81IY51ZYzgeNSJzOYUjakfWw7KmmCJsynp47JgVN6JFbalbRkqn6dyGlizCiJXGdC7cD89Cbib147s/FpmHOZZhYlmy2KM0GsIpO/SY9rZFaMHKFMc3crYQOqKbMundL/QgiOqmdV/+q4Uj+fp1GEPdiHQ6jBCdThEhoQAIM+PMATPHvCe/RevNdZa8Gbz+zCN3hvn7O1jZo=</latexit><latexit sha1_base64="485RF0k+rsOGPNO+J2Mgac0Ebho=">AAAB6XicjVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juiaYLGF20psMmZ1ZZmaFsOQTvHhQ8eofefNvnDwOKgoWNBRV3XR3Rangxvr+h1dYWFxaXimultbWNza3yts7t0ZlmmHAlFC6FVGDgksMLLcCW6lGmkQCm9HwYuI371EbruSNHaUYJrQvecwZtU66vuuabrlSq/pTkL9JBeZodMvvnZ5iWYLSMkGNadf81IY51ZYzgeNSJzOYUjakfWw7KmmCJsynp47JgVN6JFbalbRkqn6dyGlizCiJXGdC7cD89Cbib147s/FpmHOZZhYlmy2KM0GsIpO/SY9rZFaMHKFMc3crYQOqKbMundL/QgiOqmdV/+q4Uj+fp1GEPdiHQ6jBCdThEhoQAIM+PMATPHvCe/RevNdZa8Gbz+zCN3hvn7O1jZo=</latexit>



Current Picture 
of Planet Formation

Planetary systems form in the 
disk around the central star

The natal disk is composed of
gas and solids

Planet formation is a natural 
outcome of star formation

e.g., Hayashi 1981



Planet Formation
via Core Accretion: 

Accretion of 
Gas and Solids 

Pollack et al 1996

M
core

' 10M�
<latexit sha1_base64="Yp3NjIYdPuJr2FgWBtsA+/K6oYQ="></latexit><latexit sha1_base64="Yp3NjIYdPuJr2FgWBtsA+/K6oYQ="></latexit><latexit sha1_base64="Yp3NjIYdPuJr2FgWBtsA+/K6oYQ="></latexit><latexit sha1_base64="Yp3NjIYdPuJr2FgWBtsA+/K6oYQ="></latexit>

MZ
<latexit sha1_base64="xlU8xzdYIRrSb/wj5rGLs3KjKjM="></latexit><latexit sha1_base64="xlU8xzdYIRrSb/wj5rGLs3KjKjM="></latexit><latexit sha1_base64="xlU8xzdYIRrSb/wj5rGLs3KjKjM="></latexit><latexit sha1_base64="xlU8xzdYIRrSb/wj5rGLs3KjKjM="></latexit>

increases at the final formation stage



Mp = MXY +MZ
<latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit><latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit><latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit><latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit>

Pollack et al 1996

Planetesimals Pebbles
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<latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit><latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit><latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit><latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit>

dust in gas

Planet Formation
via Core Accretion: 

Accretion of 
Gas and Solids 



Mp = MXY +MZ
<latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit><latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit><latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit><latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit>

Planetesimals Pebbles
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<latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit><latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit><latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit><latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit>

dust in gas

MZ,gas = ZsMXY
<latexit sha1_base64="HzbfhdvSa0/lGZnDGQa6FMXz6F0="></latexit><latexit sha1_base64="HzbfhdvSa0/lGZnDGQa6FMXz6F0="></latexit><latexit sha1_base64="HzbfhdvSa0/lGZnDGQa6FMXz6F0="></latexit><latexit sha1_base64="HzbfhdvSa0/lGZnDGQa6FMXz6F0="></latexit>

Contribution arising from 
gas accretion is negligible  



Mp = MXY +MZ
<latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit><latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit><latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit><latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit>
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<latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit><latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit><latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit><latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit>

dust in gas

MZ,gas = ZsMXY
<latexit sha1_base64="HzbfhdvSa0/lGZnDGQa6FMXz6F0="></latexit><latexit sha1_base64="HzbfhdvSa0/lGZnDGQa6FMXz6F0="></latexit><latexit sha1_base64="HzbfhdvSa0/lGZnDGQa6FMXz6F0="></latexit><latexit sha1_base64="HzbfhdvSa0/lGZnDGQa6FMXz6F0="></latexit>

Contribution arising from 
gas accretion is negligible  

Runaway gas accretion
occurred for planets 
with Mp > 100M�
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Some mechanisms are 
needed for postponing
runaway gas accretion
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is determined by 
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disk parameters for 
both planetesimal 
& pebble accretion
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<latexit sha1_base64="osp0+kwCbrgeYCAks5rRqh4zvWU=">AAAB7nicjVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BL16ECK4JJEuYnfQmQ2Zn1plZISz5CS8eVLz6Pd78GyePg4qCBQ1FVTfdXVEquLG+/+EVFhaXlleKq6W19Y3NrfL2zq1RmWYYMCWUbkXUoOASA8utwFaqkSaRwGY0vJj4zXvUhit5Y0cphgntSx5zRq2TWlfdnCmN4265Uqv6U5C/SQXmaHTL752eYlmC0jJBjWnX/NSGOdWWM4HjUiczmFI2pH1sOyppgibMp/eOyYFTeiRW2pW0ZKp+nchpYswoiVxnQu3A/PQm4m9eO7PxaZhzmWYWJZstijNBrCKT50mPa2RWjByhTHN3K2EDqimzLqLS/0IIjqpn1dr1caV+Pk+jCHuwD4dQgxOowyU0IAAGAh7gCZ69O+/Re/FeZ60Fbz6zC9/gvX0CroiP7g==</latexit><latexit sha1_base64="osp0+kwCbrgeYCAks5rRqh4zvWU=">AAAB7nicjVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BL16ECK4JJEuYnfQmQ2Zn1plZISz5CS8eVLz6Pd78GyePg4qCBQ1FVTfdXVEquLG+/+EVFhaXlleKq6W19Y3NrfL2zq1RmWYYMCWUbkXUoOASA8utwFaqkSaRwGY0vJj4zXvUhit5Y0cphgntSx5zRq2TWlfdnCmN4265Uqv6U5C/SQXmaHTL752eYlmC0jJBjWnX/NSGOdWWM4HjUiczmFI2pH1sOyppgibMp/eOyYFTeiRW2pW0ZKp+nchpYswoiVxnQu3A/PQm4m9eO7PxaZhzmWYWJZstijNBrCKT50mPa2RWjByhTHN3K2EDqimzLqLS/0IIjqpn1dr1caV+Pk+jCHuwD4dQgxOowyU0IAAGAh7gCZ69O+/Re/FeZ60Fbz6zC9/gvX0CroiP7g==</latexit><latexit sha1_base64="osp0+kwCbrgeYCAks5rRqh4zvWU=">AAAB7nicjVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BL16ECK4JJEuYnfQmQ2Zn1plZISz5CS8eVLz6Pd78GyePg4qCBQ1FVTfdXVEquLG+/+EVFhaXlleKq6W19Y3NrfL2zq1RmWYYMCWUbkXUoOASA8utwFaqkSaRwGY0vJj4zXvUhit5Y0cphgntSx5zRq2TWlfdnCmN4265Uqv6U5C/SQXmaHTL752eYlmC0jJBjWnX/NSGOdWWM4HjUiczmFI2pH1sOyppgibMp/eOyYFTeiRW2pW0ZKp+nchpYswoiVxnQu3A/PQm4m9eO7PxaZhzmWYWJZstijNBrCKT50mPa2RWjByhTHN3K2EDqimzLqLS/0IIjqpn1dr1caV+Pk+jCHuwD4dQgxOowyU0IAAGAh7gCZ69O+/Re/FeZ60Fbz6zC9/gvX0CroiP7g==</latexit><latexit sha1_base64="osp0+kwCbrgeYCAks5rRqh4zvWU=">AAAB7nicjVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BL16ECK4JJEuYnfQmQ2Zn1plZISz5CS8eVLz6Pd78GyePg4qCBQ1FVTfdXVEquLG+/+EVFhaXlleKq6W19Y3NrfL2zq1RmWYYMCWUbkXUoOASA8utwFaqkSaRwGY0vJj4zXvUhit5Y0cphgntSx5zRq2TWlfdnCmN4265Uqv6U5C/SQXmaHTL752eYlmC0jJBjWnX/NSGOdWWM4HjUiczmFI2pH1sOyppgibMp/eOyYFTeiRW2pW0ZKp+nchpYswoiVxnQu3A/PQm4m9eO7PxaZhzmWYWJZstijNBrCKT50mPa2RWjByhTHN3K2EDqimzLqLS/0IIjqpn1dr1caV+Pk+jCHuwD4dQgxOowyU0IAAGAh7gCZ69O+/Re/FeZ60Fbz6zC9/gvX0CroiP7g==</latexit>

is independent of
Mp

<latexit sha1_base64="vYTyc+HccivVAzDmDXlhX2YEILM=">AAAB63icjVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXrwIEVwjJEuYnfQmQ2Znh5lZISz5Bi8eVLz6Q978GyePg4qCBQ1FVTfdXbES3Fjf//BKC4tLyyvl1cra+sbmVnV759ZkuWYYskxk+i6mBgWXGFpuBd4pjTSNBbbi4cXEb92jNjyTN3akMEppX/KEM2qdFF51CzXuVmtB3Z+C/E1qMEezW33v9DKWpygtE9SYduArGxVUW84Ejiud3KCibEj72HZU0hRNVEyPHZMDp/RIkmlX0pKp+nWioKkxozR2nSm1A/PTm4i/ee3cJqdRwaXKLUo2W5TkgtiMTD4nPa6RWTFyhDLN3a2EDaimzLp8Kv8LITyqn9WD6+Na43yeRhn2YB8OIYATaMAlNCEEBhwe4AmePek9ei/e66y15M1nduEbvLdPX1GOlw==</latexit><latexit sha1_base64="vYTyc+HccivVAzDmDXlhX2YEILM=">AAAB63icjVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXrwIEVwjJEuYnfQmQ2Znh5lZISz5Bi8eVLz6Q978GyePg4qCBQ1FVTfdXbES3Fjf//BKC4tLyyvl1cra+sbmVnV759ZkuWYYskxk+i6mBgWXGFpuBd4pjTSNBbbi4cXEb92jNjyTN3akMEppX/KEM2qdFF51CzXuVmtB3Z+C/E1qMEezW33v9DKWpygtE9SYduArGxVUW84Ejiud3KCibEj72HZU0hRNVEyPHZMDp/RIkmlX0pKp+nWioKkxozR2nSm1A/PTm4i/ee3cJqdRwaXKLUo2W5TkgtiMTD4nPa6RWTFyhDLN3a2EDaimzLp8Kv8LITyqn9WD6+Na43yeRhn2YB8OIYATaMAlNCEEBhwe4AmePek9ei/e66y15M1nduEbvLdPX1GOlw==</latexit><latexit sha1_base64="vYTyc+HccivVAzDmDXlhX2YEILM=">AAAB63icjVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXrwIEVwjJEuYnfQmQ2Znh5lZISz5Bi8eVLz6Q978GyePg4qCBQ1FVTfdXbES3Fjf//BKC4tLyyvl1cra+sbmVnV759ZkuWYYskxk+i6mBgWXGFpuBd4pjTSNBbbi4cXEb92jNjyTN3akMEppX/KEM2qdFF51CzXuVmtB3Z+C/E1qMEezW33v9DKWpygtE9SYduArGxVUW84Ejiud3KCibEj72HZU0hRNVEyPHZMDp/RIkmlX0pKp+nWioKkxozR2nSm1A/PTm4i/ee3cJqdRwaXKLUo2W5TkgtiMTD4nPa6RWTFyhDLN3a2EDaimzLp8Kv8LITyqn9WD6+Na43yeRhn2YB8OIYATaMAlNCEEBhwe4AmePek9ei/e66y15M1nduEbvLdPX1GOlw==</latexit><latexit sha1_base64="vYTyc+HccivVAzDmDXlhX2YEILM=">AAAB63icjVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXrwIEVwjJEuYnfQmQ2Znh5lZISz5Bi8eVLz6Q978GyePg4qCBQ1FVTfdXbES3Fjf//BKC4tLyyvl1cra+sbmVnV759ZkuWYYskxk+i6mBgWXGFpuBd4pjTSNBbbi4cXEb92jNjyTN3akMEppX/KEM2qdFF51CzXuVmtB3Z+C/E1qMEezW33v9DKWpygtE9SYduArGxVUW84Ejiud3KCibEj72HZU0hRNVEyPHZMDp/RIkmlX0pKp+nWioKkxozR2nSm1A/PTm4i/ee3cJqdRwaXKLUo2W5TkgtiMTD4nPa6RWTFyhDLN3a2EDaimzLp8Kv8LITyqn9WD6+Na43yeRhn2YB8OIYATaMAlNCEEBhwe4AmePek9ei/e66y15M1nduEbvLdPX1GOlw==</latexit>

     for both scenarios

⇥
<latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit>



Mp = MXY +MZ
<latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit><latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit><latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit><latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit>

Planetesimals Pebbles

M
Z

= M
core

+M
pl

+M
pe
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<latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit><latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit><latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit><latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit>

dust in gas
⇥

<latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit>

⇥
<latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit>

The spatial distribution of 
planetesimals is the key,
which is determined by

the gravitational interaction 
with a protoplanet

Shiraishi & Ida 2008

MZ ' Mpl / M1/3
p

<latexit sha1_base64="LeLBlwzH2guH5ew1iwFzvcpuN/c=">AAACC3icjVDNSgMxGMz6W+tf1aOXYBE81V0V1FvRi5dCBdcWu+uSTdM2NJvEJCuUZR/Ai6/ixYOKV1/Am29j+nNQUXAgMJmZj+SbWDKqjet+OFPTM7Nz84WF4uLS8spqaW39UotUYeJjwYRqxkgTRjnxDTWMNKUiKIkZacT906HfuCVKU8EvzECSMEFdTjsUI2OlqFSuRVcw0DQhN7AWZZLlMJBKSCPsVV5n3u5+blNexR0B/k3KYIJ6VHoP2gKnCeEGM6R1y3OlCTOkDMWM5MUg1UQi3Edd0rKUo4ToMBstk8Ntq7RhRyh7uIEj9etEhhKtB0lskwkyPf3TG4q/ea3UdI7CjHKZGsLx+KFOyqBdddgMbFNFsGEDSxBW1P4V4h5SCBvbX/F/Jfh7leOKd35Qrp5M2iiATbAFdoAHDkEVnIE68AEGd+ABPIFn5955dF6c13F0ypnMbIBvcN4+Ac4NmmY=</latexit><latexit sha1_base64="LeLBlwzH2guH5ew1iwFzvcpuN/c=">AAACC3icjVDNSgMxGMz6W+tf1aOXYBE81V0V1FvRi5dCBdcWu+uSTdM2NJvEJCuUZR/Ai6/ixYOKV1/Am29j+nNQUXAgMJmZj+SbWDKqjet+OFPTM7Nz84WF4uLS8spqaW39UotUYeJjwYRqxkgTRjnxDTWMNKUiKIkZacT906HfuCVKU8EvzECSMEFdTjsUI2OlqFSuRVcw0DQhN7AWZZLlMJBKSCPsVV5n3u5+blNexR0B/k3KYIJ6VHoP2gKnCeEGM6R1y3OlCTOkDMWM5MUg1UQi3Edd0rKUo4ToMBstk8Ntq7RhRyh7uIEj9etEhhKtB0lskwkyPf3TG4q/ea3UdI7CjHKZGsLx+KFOyqBdddgMbFNFsGEDSxBW1P4V4h5SCBvbX/F/Jfh7leOKd35Qrp5M2iiATbAFdoAHDkEVnIE68AEGd+ABPIFn5955dF6c13F0ypnMbIBvcN4+Ac4NmmY=</latexit><latexit sha1_base64="LeLBlwzH2guH5ew1iwFzvcpuN/c=">AAACC3icjVDNSgMxGMz6W+tf1aOXYBE81V0V1FvRi5dCBdcWu+uSTdM2NJvEJCuUZR/Ai6/ixYOKV1/Am29j+nNQUXAgMJmZj+SbWDKqjet+OFPTM7Nz84WF4uLS8spqaW39UotUYeJjwYRqxkgTRjnxDTWMNKUiKIkZacT906HfuCVKU8EvzECSMEFdTjsUI2OlqFSuRVcw0DQhN7AWZZLlMJBKSCPsVV5n3u5+blNexR0B/k3KYIJ6VHoP2gKnCeEGM6R1y3OlCTOkDMWM5MUg1UQi3Edd0rKUo4ToMBstk8Ntq7RhRyh7uIEj9etEhhKtB0lskwkyPf3TG4q/ea3UdI7CjHKZGsLx+KFOyqBdddgMbFNFsGEDSxBW1P4V4h5SCBvbX/F/Jfh7leOKd35Qrp5M2iiATbAFdoAHDkEVnIE68AEGd+ABPIFn5955dF6c13F0ypnMbIBvcN4+Ac4NmmY=</latexit><latexit sha1_base64="LeLBlwzH2guH5ew1iwFzvcpuN/c=">AAACC3icjVDNSgMxGMz6W+tf1aOXYBE81V0V1FvRi5dCBdcWu+uSTdM2NJvEJCuUZR/Ai6/ixYOKV1/Am29j+nNQUXAgMJmZj+SbWDKqjet+OFPTM7Nz84WF4uLS8spqaW39UotUYeJjwYRqxkgTRjnxDTWMNKUiKIkZacT906HfuCVKU8EvzECSMEFdTjsUI2OlqFSuRVcw0DQhN7AWZZLlMJBKSCPsVV5n3u5+blNexR0B/k3KYIJ6VHoP2gKnCeEGM6R1y3OlCTOkDMWM5MUg1UQi3Edd0rKUo4ToMBstk8Ntq7RhRyh7uIEj9etEhhKtB0lskwkyPf3TG4q/ea3UdI7CjHKZGsLx+KFOyqBdddgMbFNFsGEDSxBW1P4V4h5SCBvbX/F/Jfh7leOKd35Qrp5M2iiATbAFdoAHDkEVnIE68AEGd+ABPIFn5955dF6c13F0ypnMbIBvcN4+Ac4NmmY=</latexit>

MZ ' Mpl / M3/5
p

<latexit sha1_base64="FfNPUw69zsYOwC9YFacA5Btb3Hw=">AAACC3icjVC7TsMwFHXKq5RXgZHFokJiKgkPAVsFC0ulIhFa0YTIcZ3WqhMb20GqonwAC7/CwgCIlR9g429wHwMgkDiSpeNzzpV9TygYVdq2P6zC1PTM7FxxvrSwuLS8Ul5du1Q8lZi4mDMuWyFShNGEuJpqRlpCEhSHjDTD/unQb94SqShPLvRAED9G3YRGFCNtpKBcqQdX0FM0JjewHmSC5dATkgvNzVVcZ3s7B7lJOVV7BPg3qYAJGkH53etwnMYk0ZghpdqOLbSfIakpZiQveakiAuE+6pK2oQmKifKz0TI53DJKB0ZcmpNoOFK/TmQoVmoQhyYZI91TP72h+JvXTnV05Gc0EakmCR4/FKUMmlWHzcAOlQRrNjAEYUnNXyHuIYmwNv2V/leCu1s9rjrn+5XayaSNItgAm2AbOOAQ1MAZaAAXYHAHHsATeLburUfrxXodRwvWZGYdfIP19gnUIZpq</latexit><latexit sha1_base64="FfNPUw69zsYOwC9YFacA5Btb3Hw=">AAACC3icjVC7TsMwFHXKq5RXgZHFokJiKgkPAVsFC0ulIhFa0YTIcZ3WqhMb20GqonwAC7/CwgCIlR9g429wHwMgkDiSpeNzzpV9TygYVdq2P6zC1PTM7FxxvrSwuLS8Ul5du1Q8lZi4mDMuWyFShNGEuJpqRlpCEhSHjDTD/unQb94SqShPLvRAED9G3YRGFCNtpKBcqQdX0FM0JjewHmSC5dATkgvNzVVcZ3s7B7lJOVV7BPg3qYAJGkH53etwnMYk0ZghpdqOLbSfIakpZiQveakiAuE+6pK2oQmKifKz0TI53DJKB0ZcmpNoOFK/TmQoVmoQhyYZI91TP72h+JvXTnV05Gc0EakmCR4/FKUMmlWHzcAOlQRrNjAEYUnNXyHuIYmwNv2V/leCu1s9rjrn+5XayaSNItgAm2AbOOAQ1MAZaAAXYHAHHsATeLburUfrxXodRwvWZGYdfIP19gnUIZpq</latexit><latexit sha1_base64="FfNPUw69zsYOwC9YFacA5Btb3Hw=">AAACC3icjVC7TsMwFHXKq5RXgZHFokJiKgkPAVsFC0ulIhFa0YTIcZ3WqhMb20GqonwAC7/CwgCIlR9g429wHwMgkDiSpeNzzpV9TygYVdq2P6zC1PTM7FxxvrSwuLS8Ul5du1Q8lZi4mDMuWyFShNGEuJpqRlpCEhSHjDTD/unQb94SqShPLvRAED9G3YRGFCNtpKBcqQdX0FM0JjewHmSC5dATkgvNzVVcZ3s7B7lJOVV7BPg3qYAJGkH53etwnMYk0ZghpdqOLbSfIakpZiQveakiAuE+6pK2oQmKifKz0TI53DJKB0ZcmpNoOFK/TmQoVmoQhyYZI91TP72h+JvXTnV05Gc0EakmCR4/FKUMmlWHzcAOlQRrNjAEYUnNXyHuIYmwNv2V/leCu1s9rjrn+5XayaSNItgAm2AbOOAQ1MAZaAAXYHAHHsATeLburUfrxXodRwvWZGYdfIP19gnUIZpq</latexit><latexit sha1_base64="FfNPUw69zsYOwC9YFacA5Btb3Hw=">AAACC3icjVC7TsMwFHXKq5RXgZHFokJiKgkPAVsFC0ulIhFa0YTIcZ3WqhMb20GqonwAC7/CwgCIlR9g429wHwMgkDiSpeNzzpV9TygYVdq2P6zC1PTM7FxxvrSwuLS8Ul5du1Q8lZi4mDMuWyFShNGEuJpqRlpCEhSHjDTD/unQb94SqShPLvRAED9G3YRGFCNtpKBcqQdX0FM0JjewHmSC5dATkgvNzVVcZ3s7B7lJOVV7BPg3qYAJGkH53etwnMYk0ZghpdqOLbSfIakpZiQveakiAuE+6pK2oQmKifKz0TI53DJKB0ZcmpNoOFK/TmQoVmoQhyYZI91TP72h+JvXTnV05Gc0EakmCR4/FKUMmlWHzcAOlQRrNjAEYUnNXyHuIYmwNv2V/leCu1s9rjrn+5XayaSNItgAm2AbOOAQ1MAZaAAXYHAHHsATeLburUfrxXodRwvWZGYdfIP19gnUIZpq</latexit>

                         with
no gap in planetesimal disks 

                             with 
gaps in planetesimal disks 



Mp = MXY +MZ
<latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit><latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit><latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit><latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit>

Planetesimals Pebbles
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<latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit><latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit><latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit><latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit>

dust in gas
⇥

<latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit>

⇥
<latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit>

The spatial distribution of 
planetesimals is the key,
which is determined by

the gravitational interaction 
with a protoplanet

MZ ' Mpl / M1/3
p

<latexit sha1_base64="LeLBlwzH2guH5ew1iwFzvcpuN/c=">AAACC3icjVDNSgMxGMz6W+tf1aOXYBE81V0V1FvRi5dCBdcWu+uSTdM2NJvEJCuUZR/Ai6/ixYOKV1/Am29j+nNQUXAgMJmZj+SbWDKqjet+OFPTM7Nz84WF4uLS8spqaW39UotUYeJjwYRqxkgTRjnxDTWMNKUiKIkZacT906HfuCVKU8EvzECSMEFdTjsUI2OlqFSuRVcw0DQhN7AWZZLlMJBKSCPsVV5n3u5+blNexR0B/k3KYIJ6VHoP2gKnCeEGM6R1y3OlCTOkDMWM5MUg1UQi3Edd0rKUo4ToMBstk8Ntq7RhRyh7uIEj9etEhhKtB0lskwkyPf3TG4q/ea3UdI7CjHKZGsLx+KFOyqBdddgMbFNFsGEDSxBW1P4V4h5SCBvbX/F/Jfh7leOKd35Qrp5M2iiATbAFdoAHDkEVnIE68AEGd+ABPIFn5955dF6c13F0ypnMbIBvcN4+Ac4NmmY=</latexit><latexit sha1_base64="LeLBlwzH2guH5ew1iwFzvcpuN/c=">AAACC3icjVDNSgMxGMz6W+tf1aOXYBE81V0V1FvRi5dCBdcWu+uSTdM2NJvEJCuUZR/Ai6/ixYOKV1/Am29j+nNQUXAgMJmZj+SbWDKqjet+OFPTM7Nz84WF4uLS8spqaW39UotUYeJjwYRqxkgTRjnxDTWMNKUiKIkZacT906HfuCVKU8EvzECSMEFdTjsUI2OlqFSuRVcw0DQhN7AWZZLlMJBKSCPsVV5n3u5+blNexR0B/k3KYIJ6VHoP2gKnCeEGM6R1y3OlCTOkDMWM5MUg1UQi3Edd0rKUo4ToMBstk8Ntq7RhRyh7uIEj9etEhhKtB0lskwkyPf3TG4q/ea3UdI7CjHKZGsLx+KFOyqBdddgMbFNFsGEDSxBW1P4V4h5SCBvbX/F/Jfh7leOKd35Qrp5M2iiATbAFdoAHDkEVnIE68AEGd+ABPIFn5955dF6c13F0ypnMbIBvcN4+Ac4NmmY=</latexit><latexit sha1_base64="LeLBlwzH2guH5ew1iwFzvcpuN/c=">AAACC3icjVDNSgMxGMz6W+tf1aOXYBE81V0V1FvRi5dCBdcWu+uSTdM2NJvEJCuUZR/Ai6/ixYOKV1/Am29j+nNQUXAgMJmZj+SbWDKqjet+OFPTM7Nz84WF4uLS8spqaW39UotUYeJjwYRqxkgTRjnxDTWMNKUiKIkZacT906HfuCVKU8EvzECSMEFdTjsUI2OlqFSuRVcw0DQhN7AWZZLlMJBKSCPsVV5n3u5+blNexR0B/k3KYIJ6VHoP2gKnCeEGM6R1y3OlCTOkDMWM5MUg1UQi3Edd0rKUo4ToMBstk8Ntq7RhRyh7uIEj9etEhhKtB0lskwkyPf3TG4q/ea3UdI7CjHKZGsLx+KFOyqBdddgMbFNFsGEDSxBW1P4V4h5SCBvbX/F/Jfh7leOKd35Qrp5M2iiATbAFdoAHDkEVnIE68AEGd+ABPIFn5955dF6c13F0ypnMbIBvcN4+Ac4NmmY=</latexit><latexit sha1_base64="LeLBlwzH2guH5ew1iwFzvcpuN/c=">AAACC3icjVDNSgMxGMz6W+tf1aOXYBE81V0V1FvRi5dCBdcWu+uSTdM2NJvEJCuUZR/Ai6/ixYOKV1/Am29j+nNQUXAgMJmZj+SbWDKqjet+OFPTM7Nz84WF4uLS8spqaW39UotUYeJjwYRqxkgTRjnxDTWMNKUiKIkZacT906HfuCVKU8EvzECSMEFdTjsUI2OlqFSuRVcw0DQhN7AWZZLlMJBKSCPsVV5n3u5+blNexR0B/k3KYIJ6VHoP2gKnCeEGM6R1y3OlCTOkDMWM5MUg1UQi3Edd0rKUo4ToMBstk8Ntq7RhRyh7uIEj9etEhhKtB0lskwkyPf3TG4q/ea3UdI7CjHKZGsLx+KFOyqBdddgMbFNFsGEDSxBW1P4V4h5SCBvbX/F/Jfh7leOKd35Qrp5M2iiATbAFdoAHDkEVnIE68AEGd+ABPIFn5955dF6c13F0ypnMbIBvcN4+Ac4NmmY=</latexit>

MZ ' Mpl / M3/5
p

<latexit sha1_base64="FfNPUw69zsYOwC9YFacA5Btb3Hw=">AAACC3icjVC7TsMwFHXKq5RXgZHFokJiKgkPAVsFC0ulIhFa0YTIcZ3WqhMb20GqonwAC7/CwgCIlR9g429wHwMgkDiSpeNzzpV9TygYVdq2P6zC1PTM7FxxvrSwuLS8Ul5du1Q8lZi4mDMuWyFShNGEuJpqRlpCEhSHjDTD/unQb94SqShPLvRAED9G3YRGFCNtpKBcqQdX0FM0JjewHmSC5dATkgvNzVVcZ3s7B7lJOVV7BPg3qYAJGkH53etwnMYk0ZghpdqOLbSfIakpZiQveakiAuE+6pK2oQmKifKz0TI53DJKB0ZcmpNoOFK/TmQoVmoQhyYZI91TP72h+JvXTnV05Gc0EakmCR4/FKUMmlWHzcAOlQRrNjAEYUnNXyHuIYmwNv2V/leCu1s9rjrn+5XayaSNItgAm2AbOOAQ1MAZaAAXYHAHHsATeLburUfrxXodRwvWZGYdfIP19gnUIZpq</latexit><latexit sha1_base64="FfNPUw69zsYOwC9YFacA5Btb3Hw=">AAACC3icjVC7TsMwFHXKq5RXgZHFokJiKgkPAVsFC0ulIhFa0YTIcZ3WqhMb20GqonwAC7/CwgCIlR9g429wHwMgkDiSpeNzzpV9TygYVdq2P6zC1PTM7FxxvrSwuLS8Ul5du1Q8lZi4mDMuWyFShNGEuJpqRlpCEhSHjDTD/unQb94SqShPLvRAED9G3YRGFCNtpKBcqQdX0FM0JjewHmSC5dATkgvNzVVcZ3s7B7lJOVV7BPg3qYAJGkH53etwnMYk0ZghpdqOLbSfIakpZiQveakiAuE+6pK2oQmKifKz0TI53DJKB0ZcmpNoOFK/TmQoVmoQhyYZI91TP72h+JvXTnV05Gc0EakmCR4/FKUMmlWHzcAOlQRrNjAEYUnNXyHuIYmwNv2V/leCu1s9rjrn+5XayaSNItgAm2AbOOAQ1MAZaAAXYHAHHsATeLburUfrxXodRwvWZGYdfIP19gnUIZpq</latexit><latexit sha1_base64="FfNPUw69zsYOwC9YFacA5Btb3Hw=">AAACC3icjVC7TsMwFHXKq5RXgZHFokJiKgkPAVsFC0ulIhFa0YTIcZ3WqhMb20GqonwAC7/CwgCIlR9g429wHwMgkDiSpeNzzpV9TygYVdq2P6zC1PTM7FxxvrSwuLS8Ul5du1Q8lZi4mDMuWyFShNGEuJpqRlpCEhSHjDTD/unQb94SqShPLvRAED9G3YRGFCNtpKBcqQdX0FM0JjewHmSC5dATkgvNzVVcZ3s7B7lJOVV7BPg3qYAJGkH53etwnMYk0ZghpdqOLbSfIakpZiQveakiAuE+6pK2oQmKifKz0TI53DJKB0ZcmpNoOFK/TmQoVmoQhyYZI91TP72h+JvXTnV05Gc0EakmCR4/FKUMmlWHzcAOlQRrNjAEYUnNXyHuIYmwNv2V/leCu1s9rjrn+5XayaSNItgAm2AbOOAQ1MAZaAAXYHAHHsATeLburUfrxXodRwvWZGYdfIP19gnUIZpq</latexit><latexit sha1_base64="FfNPUw69zsYOwC9YFacA5Btb3Hw=">AAACC3icjVC7TsMwFHXKq5RXgZHFokJiKgkPAVsFC0ulIhFa0YTIcZ3WqhMb20GqonwAC7/CwgCIlR9g429wHwMgkDiSpeNzzpV9TygYVdq2P6zC1PTM7FxxvrSwuLS8Ul5du1Q8lZi4mDMuWyFShNGEuJpqRlpCEhSHjDTD/unQb94SqShPLvRAED9G3YRGFCNtpKBcqQdX0FM0JjewHmSC5dATkgvNzVVcZ3s7B7lJOVV7BPg3qYAJGkH53etwnMYk0ZghpdqOLbSfIakpZiQveakiAuE+6pK2oQmKifKz0TI53DJKB0ZcmpNoOFK/TmQoVmoQhyYZI91TP72h+JvXTnV05Gc0EakmCR4/FKUMmlWHzcAOlQRrNjAEYUnNXyHuIYmwNv2V/leCu1s9rjrn+5XayaSNItgAm2AbOOAQ1MAZaAAXYHAHHsATeLburUfrxXodRwvWZGYdfIP19gnUIZpq</latexit>

                         with
no gap in planetesimal disks 

                             with 
gaps in planetesimal disks 



Mp = MXY +MZ
<latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit><latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit><latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit><latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit>

Planetesimals Pebbles
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+M
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<latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit><latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit><latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit><latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit>

dust in gas
⇥

<latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit>

⇥
<latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit>

The spatial distribution of 
planetesimals is the key,
which is determined by

the gravitational interaction 
with a protoplanet

MZ ' Mpl / M1/3
p

<latexit sha1_base64="LeLBlwzH2guH5ew1iwFzvcpuN/c=">AAACC3icjVDNSgMxGMz6W+tf1aOXYBE81V0V1FvRi5dCBdcWu+uSTdM2NJvEJCuUZR/Ai6/ixYOKV1/Am29j+nNQUXAgMJmZj+SbWDKqjet+OFPTM7Nz84WF4uLS8spqaW39UotUYeJjwYRqxkgTRjnxDTWMNKUiKIkZacT906HfuCVKU8EvzECSMEFdTjsUI2OlqFSuRVcw0DQhN7AWZZLlMJBKSCPsVV5n3u5+blNexR0B/k3KYIJ6VHoP2gKnCeEGM6R1y3OlCTOkDMWM5MUg1UQi3Edd0rKUo4ToMBstk8Ntq7RhRyh7uIEj9etEhhKtB0lskwkyPf3TG4q/ea3UdI7CjHKZGsLx+KFOyqBdddgMbFNFsGEDSxBW1P4V4h5SCBvbX/F/Jfh7leOKd35Qrp5M2iiATbAFdoAHDkEVnIE68AEGd+ABPIFn5955dF6c13F0ypnMbIBvcN4+Ac4NmmY=</latexit><latexit sha1_base64="LeLBlwzH2guH5ew1iwFzvcpuN/c=">AAACC3icjVDNSgMxGMz6W+tf1aOXYBE81V0V1FvRi5dCBdcWu+uSTdM2NJvEJCuUZR/Ai6/ixYOKV1/Am29j+nNQUXAgMJmZj+SbWDKqjet+OFPTM7Nz84WF4uLS8spqaW39UotUYeJjwYRqxkgTRjnxDTWMNKUiKIkZacT906HfuCVKU8EvzECSMEFdTjsUI2OlqFSuRVcw0DQhN7AWZZLlMJBKSCPsVV5n3u5+blNexR0B/k3KYIJ6VHoP2gKnCeEGM6R1y3OlCTOkDMWM5MUg1UQi3Edd0rKUo4ToMBstk8Ntq7RhRyh7uIEj9etEhhKtB0lskwkyPf3TG4q/ea3UdI7CjHKZGsLx+KFOyqBdddgMbFNFsGEDSxBW1P4V4h5SCBvbX/F/Jfh7leOKd35Qrp5M2iiATbAFdoAHDkEVnIE68AEGd+ABPIFn5955dF6c13F0ypnMbIBvcN4+Ac4NmmY=</latexit><latexit sha1_base64="LeLBlwzH2guH5ew1iwFzvcpuN/c=">AAACC3icjVDNSgMxGMz6W+tf1aOXYBE81V0V1FvRi5dCBdcWu+uSTdM2NJvEJCuUZR/Ai6/ixYOKV1/Am29j+nNQUXAgMJmZj+SbWDKqjet+OFPTM7Nz84WF4uLS8spqaW39UotUYeJjwYRqxkgTRjnxDTWMNKUiKIkZacT906HfuCVKU8EvzECSMEFdTjsUI2OlqFSuRVcw0DQhN7AWZZLlMJBKSCPsVV5n3u5+blNexR0B/k3KYIJ6VHoP2gKnCeEGM6R1y3OlCTOkDMWM5MUg1UQi3Edd0rKUo4ToMBstk8Ntq7RhRyh7uIEj9etEhhKtB0lskwkyPf3TG4q/ea3UdI7CjHKZGsLx+KFOyqBdddgMbFNFsGEDSxBW1P4V4h5SCBvbX/F/Jfh7leOKd35Qrp5M2iiATbAFdoAHDkEVnIE68AEGd+ABPIFn5955dF6c13F0ypnMbIBvcN4+Ac4NmmY=</latexit><latexit sha1_base64="LeLBlwzH2guH5ew1iwFzvcpuN/c=">AAACC3icjVDNSgMxGMz6W+tf1aOXYBE81V0V1FvRi5dCBdcWu+uSTdM2NJvEJCuUZR/Ai6/ixYOKV1/Am29j+nNQUXAgMJmZj+SbWDKqjet+OFPTM7Nz84WF4uLS8spqaW39UotUYeJjwYRqxkgTRjnxDTWMNKUiKIkZacT906HfuCVKU8EvzECSMEFdTjsUI2OlqFSuRVcw0DQhN7AWZZLlMJBKSCPsVV5n3u5+blNexR0B/k3KYIJ6VHoP2gKnCeEGM6R1y3OlCTOkDMWM5MUg1UQi3Edd0rKUo4ToMBstk8Ntq7RhRyh7uIEj9etEhhKtB0lskwkyPf3TG4q/ea3UdI7CjHKZGsLx+KFOyqBdddgMbFNFsGEDSxBW1P4V4h5SCBvbX/F/Jfh7leOKd35Qrp5M2iiATbAFdoAHDkEVnIE68AEGd+ABPIFn5955dF6c13F0ypnMbIBvcN4+Ac4NmmY=</latexit>

MZ ' Mpl / M3/5
p

<latexit sha1_base64="FfNPUw69zsYOwC9YFacA5Btb3Hw=">AAACC3icjVC7TsMwFHXKq5RXgZHFokJiKgkPAVsFC0ulIhFa0YTIcZ3WqhMb20GqonwAC7/CwgCIlR9g429wHwMgkDiSpeNzzpV9TygYVdq2P6zC1PTM7FxxvrSwuLS8Ul5du1Q8lZi4mDMuWyFShNGEuJpqRlpCEhSHjDTD/unQb94SqShPLvRAED9G3YRGFCNtpKBcqQdX0FM0JjewHmSC5dATkgvNzVVcZ3s7B7lJOVV7BPg3qYAJGkH53etwnMYk0ZghpdqOLbSfIakpZiQveakiAuE+6pK2oQmKifKz0TI53DJKB0ZcmpNoOFK/TmQoVmoQhyYZI91TP72h+JvXTnV05Gc0EakmCR4/FKUMmlWHzcAOlQRrNjAEYUnNXyHuIYmwNv2V/leCu1s9rjrn+5XayaSNItgAm2AbOOAQ1MAZaAAXYHAHHsATeLburUfrxXodRwvWZGYdfIP19gnUIZpq</latexit><latexit sha1_base64="FfNPUw69zsYOwC9YFacA5Btb3Hw=">AAACC3icjVC7TsMwFHXKq5RXgZHFokJiKgkPAVsFC0ulIhFa0YTIcZ3WqhMb20GqonwAC7/CwgCIlR9g429wHwMgkDiSpeNzzpV9TygYVdq2P6zC1PTM7FxxvrSwuLS8Ul5du1Q8lZi4mDMuWyFShNGEuJpqRlpCEhSHjDTD/unQb94SqShPLvRAED9G3YRGFCNtpKBcqQdX0FM0JjewHmSC5dATkgvNzVVcZ3s7B7lJOVV7BPg3qYAJGkH53etwnMYk0ZghpdqOLbSfIakpZiQveakiAuE+6pK2oQmKifKz0TI53DJKB0ZcmpNoOFK/TmQoVmoQhyYZI91TP72h+JvXTnV05Gc0EakmCR4/FKUMmlWHzcAOlQRrNjAEYUnNXyHuIYmwNv2V/leCu1s9rjrn+5XayaSNItgAm2AbOOAQ1MAZaAAXYHAHHsATeLburUfrxXodRwvWZGYdfIP19gnUIZpq</latexit><latexit sha1_base64="FfNPUw69zsYOwC9YFacA5Btb3Hw=">AAACC3icjVC7TsMwFHXKq5RXgZHFokJiKgkPAVsFC0ulIhFa0YTIcZ3WqhMb20GqonwAC7/CwgCIlR9g429wHwMgkDiSpeNzzpV9TygYVdq2P6zC1PTM7FxxvrSwuLS8Ul5du1Q8lZi4mDMuWyFShNGEuJpqRlpCEhSHjDTD/unQb94SqShPLvRAED9G3YRGFCNtpKBcqQdX0FM0JjewHmSC5dATkgvNzVVcZ3s7B7lJOVV7BPg3qYAJGkH53etwnMYk0ZghpdqOLbSfIakpZiQveakiAuE+6pK2oQmKifKz0TI53DJKB0ZcmpNoOFK/TmQoVmoQhyYZI91TP72h+JvXTnV05Gc0EakmCR4/FKUMmlWHzcAOlQRrNjAEYUnNXyHuIYmwNv2V/leCu1s9rjrn+5XayaSNItgAm2AbOOAQ1MAZaAAXYHAHHsATeLburUfrxXodRwvWZGYdfIP19gnUIZpq</latexit><latexit sha1_base64="FfNPUw69zsYOwC9YFacA5Btb3Hw=">AAACC3icjVC7TsMwFHXKq5RXgZHFokJiKgkPAVsFC0ulIhFa0YTIcZ3WqhMb20GqonwAC7/CwgCIlR9g429wHwMgkDiSpeNzzpV9TygYVdq2P6zC1PTM7FxxvrSwuLS8Ul5du1Q8lZi4mDMuWyFShNGEuJpqRlpCEhSHjDTD/unQb94SqShPLvRAED9G3YRGFCNtpKBcqQdX0FM0JjewHmSC5dATkgvNzVVcZ3s7B7lJOVV7BPg3qYAJGkH53etwnMYk0ZghpdqOLbSfIakpZiQveakiAuE+6pK2oQmKifKz0TI53DJKB0ZcmpNoOFK/TmQoVmoQhyYZI91TP72h+JvXTnV05Gc0EakmCR4/FKUMmlWHzcAOlQRrNjAEYUnNXyHuIYmwNv2V/leCu1s9rjrn+5XayaSNItgAm2AbOOAQ1MAZaAAXYHAHHsATeLburUfrxXodRwvWZGYdfIP19gnUIZpq</latexit>

                         with
no gap in planetesimal disks 

                             with 
gaps in planetesimal disks 



Mp = MXY +MZ
<latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit><latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit><latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit><latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit>

Planetesimals Pebbles

M
Z
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<latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit><latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit><latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit><latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit>

dust in gas
⇥

<latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit>

⇥
<latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit>

Understanding of 
pebble accretion 

is premature

e.g., Johansen & Lambrechts 2017



Mp = MXY +MZ
<latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit><latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit><latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit><latexit sha1_base64="9qjysWOcar+5O3RP+utM1pnWYd8=">AAAB/HicjVDLSsNAFL3xWesrPnZuBosgCCURQV0IRTduChWMrbYhTKaTduhkEmYmQg3BX3HjQsWtH+LOvzFpu1BR8MCFwzn3cg/HjzlT2rI+jKnpmdm5+dJCeXFpeWXVXFu/UlEiCXVIxCPZ8rGinAnqaKY5bcWS4tDntOkPzgq/eUulYpG41MOYuiHuCRYwgnUueeZm3YvRCap7aes6Q3sFuck8s2JXrRHQ36QCEzQ8873TjUgSUqEJx0q1bSvWboqlZoTTrNxJFI0xGeAebedU4JAqNx2lz9BOrnRREMl8hEYj9etFikOlhqGfb4ZY99VPrxB/89qJDo7clIk40VSQ8aMg4UhHqKgCdZmkRPNhTjCRLM+KSB9LTHReWPl/JTj71eOqfXFQqZ1O2ijBFmzDLthwCDU4hwY4QOAOHuAJno1749F4MV7Hq1PG5GYDvsF4+wSpnJOh</latexit>

Planetesimals Pebbles

M
Z
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core

+M
pl
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pe

+M
Z,gas

<latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit><latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit><latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit><latexit sha1_base64="UtUDNVvZoSljTlTgtLySDJuPVI4="></latexit>

dust in gas
⇥

<latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit>

⇥
<latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit><latexit sha1_base64="hv+BcDpYU3P2eGtWT31BWYmDHuk="></latexit>

Understanding of 
pebble accretion 

is premature

MZ ' Mpe / M1/3
p

<latexit sha1_base64="+mQNezrySxR9D9WbnkVkiBHVz2Q=">AAACC3icjVDLSgMxFM34rPVVdekmWARXdUYFdVd046ZQwbHFzjhk0ts2NDMTk4xQhvkAN/6KGxcqbv0Bd/6N6WOhouCBwMk555LcEwrOlLbtD2tqemZ2br6wUFxcWl5ZLa2tX6oklRRcmvBENkOigLMYXM00h6aQQKKQQyPsnw79xi1IxZL4Qg8E+BHpxqzDKNFGCkrlWnCFPcUiuMG1IBOQY0/IROjEXMV15uzu5yblVOwR8N+kjCaoB6V3r53QNIJYU06Uajm20H5GpGaUQ170UgWC0D7pQsvQmESg/Gy0TI63jdLGnUSaE2s8Ur9OZCRSahCFJhkR3VM/vaH4m9dKdefIz1gsUg0xHT/USTk2qw6bwW0mgWo+MIRQycxfMe0RSag2/RX/V4K7VzmuOOcH5erJpI0C2kRbaAc56BBV0RmqIxdRdIce0BN6tu6tR+vFeh1Hp6zJzAb6BuvtE8Lzml8=</latexit><latexit sha1_base64="+mQNezrySxR9D9WbnkVkiBHVz2Q=">AAACC3icjVDLSgMxFM34rPVVdekmWARXdUYFdVd046ZQwbHFzjhk0ts2NDMTk4xQhvkAN/6KGxcqbv0Bd/6N6WOhouCBwMk555LcEwrOlLbtD2tqemZ2br6wUFxcWl5ZLa2tX6oklRRcmvBENkOigLMYXM00h6aQQKKQQyPsnw79xi1IxZL4Qg8E+BHpxqzDKNFGCkrlWnCFPcUiuMG1IBOQY0/IROjEXMV15uzu5yblVOwR8N+kjCaoB6V3r53QNIJYU06Uajm20H5GpGaUQ170UgWC0D7pQsvQmESg/Gy0TI63jdLGnUSaE2s8Ur9OZCRSahCFJhkR3VM/vaH4m9dKdefIz1gsUg0xHT/USTk2qw6bwW0mgWo+MIRQycxfMe0RSag2/RX/V4K7VzmuOOcH5erJpI0C2kRbaAc56BBV0RmqIxdRdIce0BN6tu6tR+vFeh1Hp6zJzAb6BuvtE8Lzml8=</latexit><latexit sha1_base64="+mQNezrySxR9D9WbnkVkiBHVz2Q=">AAACC3icjVDLSgMxFM34rPVVdekmWARXdUYFdVd046ZQwbHFzjhk0ts2NDMTk4xQhvkAN/6KGxcqbv0Bd/6N6WOhouCBwMk555LcEwrOlLbtD2tqemZ2br6wUFxcWl5ZLa2tX6oklRRcmvBENkOigLMYXM00h6aQQKKQQyPsnw79xi1IxZL4Qg8E+BHpxqzDKNFGCkrlWnCFPcUiuMG1IBOQY0/IROjEXMV15uzu5yblVOwR8N+kjCaoB6V3r53QNIJYU06Uajm20H5GpGaUQ170UgWC0D7pQsvQmESg/Gy0TI63jdLGnUSaE2s8Ur9OZCRSahCFJhkR3VM/vaH4m9dKdefIz1gsUg0xHT/USTk2qw6bwW0mgWo+MIRQycxfMe0RSag2/RX/V4K7VzmuOOcH5erJpI0C2kRbaAc56BBV0RmqIxdRdIce0BN6tu6tR+vFeh1Hp6zJzAb6BuvtE8Lzml8=</latexit><latexit sha1_base64="+mQNezrySxR9D9WbnkVkiBHVz2Q=">AAACC3icjVDLSgMxFM34rPVVdekmWARXdUYFdVd046ZQwbHFzjhk0ts2NDMTk4xQhvkAN/6KGxcqbv0Bd/6N6WOhouCBwMk555LcEwrOlLbtD2tqemZ2br6wUFxcWl5ZLa2tX6oklRRcmvBENkOigLMYXM00h6aQQKKQQyPsnw79xi1IxZL4Qg8E+BHpxqzDKNFGCkrlWnCFPcUiuMG1IBOQY0/IROjEXMV15uzu5yblVOwR8N+kjCaoB6V3r53QNIJYU06Uajm20H5GpGaUQ170UgWC0D7pQsvQmESg/Gy0TI63jdLGnUSaE2s8Ur9OZCRSahCFJhkR3VM/vaH4m9dKdefIz1gsUg0xHT/USTk2qw6bwW0mgWo+MIRQycxfMe0RSag2/RX/V4K7VzmuOOcH5erJpI0C2kRbaAc56BBV0RmqIxdRdIce0BN6tu6tR+vFeh1Hp6zJzAb6BuvtE8Lzml8=</latexit>



Mp = MXY +MZ
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dust in gas
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Understanding of 
pebble accretion 

is premature
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Rocky 
(super)Earths Gas-poor sub-giants Gas-rich giants

Stars

The total heavy elements are determined 
by the final stage of planet formation

At the stage, solids are accreted onto planets
from gapped planetesimal disks



Rocky 
(super)Earths Gas-poor sub-giants Gas-rich giants

Stars

Evolution of atmospheric metallicity can be explored,
comparing hot and warm Jupiters

Planetary cores might be fully dissolved into 
their atmospheres for gas-poor sub-giants

Hot Jupiters



Summary
• Formation mechanisms of observed exoplanets are better 

constrained, by taking into account planet mass,               
orbital period, and planet composition

• Observed warm Jupiters tend to have correlations:

• Our results indicate that the contribution (dust)               
arising from gas accretion is negligible 

• Runaway gas accretion is postponed until  

• Accretion of solids from gapped planetesimal disks can 
reproduce the above trends better

• We propose a classification of observed exoplanets

Hasegawa et al. 2018, submitted
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Magnetically Induced Disk Winds 
and Transport in the HL Tau Disk

~ micron ~ mm ~ m ~ km 103~      km

First Stage

Size



HL Tau : a Class I/II YSO
           :  ~140 pc (< 1 Myrs)

The origin of observed gaps is not identified yet!!

Astonishing ALMA Images of HL Tau 
ALMA Partnership et al 2015,
also see Akiyama YH et al 2016

Nearly concentric 
multiple gaps in 
the dust thermal emission

Potential signature of 
planet formation



Disk accretion rate 
Hayashi et al 1993, Beck et al 2010 

=> can be explained by MRI and MHD turbulence

Global diffusion coefficient : 

' 10�7 � 10�6 M� yr�1

↵GL ' 10�2 � 10�1

ALMA Band 6+7 No Dust Settling w/  Dust Settling

Vertical dust height: ~1au at r =100 au 
Local diffusion coefficient: 

Global Properties of the HL Tau Disk

Pinte et al 2016 ↵LC ⇠ 10�4
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Magnetically Driven Disk Accretion
e.g., Armitage et al 2011, Bai & Stone 2013, Turner et al 2014, Suzuki et al 2016 

Magnetized Turbulence

Flock et al 2015

Magnetically Induced
Disk Winds

Simon et al 2013

B-fields

Weak Strong



B-fields

Weak Strong

Turbulence + Winds
Turbulence only

Simulation results from Simon et al 2013, Zhu et al 2015 are used

↵D : vertical mixing of dust
Hasegawa et al 2017



Turbulence + Winds

⌃g =
Ṁ⌦

3⇡↵GLc2s
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Turbulence only

Given that

Ṁ,
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2. Dust height

Hd =
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St / a
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B-fields

1. Gas surface density



Resulting Disk Structures with Disk Winds

B-fields
B-fields

As B-fields are stronger,
surface density decreases

due to disk winds

Dust scale heights are
independent of B-fields

Results are obtained for given values of disk accretion rate, disk temperature
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c2s (/ Td),
<latexit sha1_base64="CwowRCCegf4WrMfCbvE/D6Bxmv0=">AAACAnicjVDLSgMxFM34rPU16k43wSJUkDItgrorunFZoWMLnXHIZNI2NMmEJCOUoeDGX3HjQsWtX+HOvzF9LFQUPHDhcM693HtPLBnVxvM+nLn5hcWl5cJKcXVtfWPT3dq+1mmmMPFxylLVjpEmjAriG2oYaUtFEI8ZacWDi7HfuiVK01Q0zVCSkKOeoF2KkbFS5O7iKA8Uh3p0U4PlQKpUmhQ2o+TwKHJL1Yo3AfyblMAMjch9D5IUZ5wIgxnSulP1pAlzpAzFjIyKQaaJRHiAeqRjqUCc6DCf/DCCB1ZJYDdVtoSBE/XrRI641kMe206OTF//9Mbib14nM93TMKdCZoYIPF3UzRi0b44DgQlVBBs2tARhRe2tEPeRQtjY2Ir/C8GvVc4q3tVxqX4+S6MA9sA+KIMqOAF1cAkawAcY3IEH8ASenXvn0XlxXqetc85sZgd8g/P2Cav2lnE=</latexit><latexit sha1_base64="CwowRCCegf4WrMfCbvE/D6Bxmv0=">AAACAnicjVDLSgMxFM34rPU16k43wSJUkDItgrorunFZoWMLnXHIZNI2NMmEJCOUoeDGX3HjQsWtX+HOvzF9LFQUPHDhcM693HtPLBnVxvM+nLn5hcWl5cJKcXVtfWPT3dq+1mmmMPFxylLVjpEmjAriG2oYaUtFEI8ZacWDi7HfuiVK01Q0zVCSkKOeoF2KkbFS5O7iKA8Uh3p0U4PlQKpUmhQ2o+TwKHJL1Yo3AfyblMAMjch9D5IUZ5wIgxnSulP1pAlzpAzFjIyKQaaJRHiAeqRjqUCc6DCf/DCCB1ZJYDdVtoSBE/XrRI641kMe206OTF//9Mbib14nM93TMKdCZoYIPF3UzRi0b44DgQlVBBs2tARhRe2tEPeRQtjY2Ir/C8GvVc4q3tVxqX4+S6MA9sA+KIMqOAF1cAkawAcY3IEH8ASenXvn0XlxXqetc85sZgd8g/P2Cav2lnE=</latexit><latexit sha1_base64="CwowRCCegf4WrMfCbvE/D6Bxmv0=">AAACAnicjVDLSgMxFM34rPU16k43wSJUkDItgrorunFZoWMLnXHIZNI2NMmEJCOUoeDGX3HjQsWtX+HOvzF9LFQUPHDhcM693HtPLBnVxvM+nLn5hcWl5cJKcXVtfWPT3dq+1mmmMPFxylLVjpEmjAriG2oYaUtFEI8ZacWDi7HfuiVK01Q0zVCSkKOeoF2KkbFS5O7iKA8Uh3p0U4PlQKpUmhQ2o+TwKHJL1Yo3AfyblMAMjch9D5IUZ5wIgxnSulP1pAlzpAzFjIyKQaaJRHiAeqRjqUCc6DCf/DCCB1ZJYDdVtoSBE/XrRI641kMe206OTF//9Mbib14nM93TMKdCZoYIPF3UzRi0b44DgQlVBBs2tARhRe2tEPeRQtjY2Ir/C8GvVc4q3tVxqX4+S6MA9sA+KIMqOAF1cAkawAcY3IEH8ASenXvn0XlxXqetc85sZgd8g/P2Cav2lnE=</latexit>

⌦(/
p
M⇤)

<latexit sha1_base64="t0asmWR1Z2FePNUwh1TwfXH0C6I=">AAACBXicjVDLSsNAFJ34rPUVdSnCYBGqi5KKoO6KbtyIFYwtNCFMppN26DzizEQooSs3/oobFypu/Qd3/o3Tx0JFwQMXDufcy733xCmj2njehzM1PTM7N19YKC4uLa+sumvr11pmChMfSyZVM0aaMCqIb6hhpJkqgnjMSCPunQ79xi1RmkpxZfopCTnqCJpQjIyVIncruOCkg2A5SJVMjYSBvlEmh+fRHhzsRm6pWvFGgH+TEpigHrnvQVvijBNhMENat6peasIcKUMxI4NikGmSItxDHdKyVCBOdJiP3hjAHau0YSKVLWHgSP06kSOudZ/HtpMj09U/vaH4m9fKTHIU5lSkmSECjxclGYP23WEmsE0VwYb1LUFYUXsrxF2kEDY2ueL/QvD3K8cV7/KgVDuZpFEAm2AblEEVHIIaOAN14AMM7sADeALPzr3z6Lw4r+PWKWcyswG+wXn7BOhQl60=</latexit><latexit sha1_base64="t0asmWR1Z2FePNUwh1TwfXH0C6I=">AAACBXicjVDLSsNAFJ34rPUVdSnCYBGqi5KKoO6KbtyIFYwtNCFMppN26DzizEQooSs3/oobFypu/Qd3/o3Tx0JFwQMXDufcy733xCmj2njehzM1PTM7N19YKC4uLa+sumvr11pmChMfSyZVM0aaMCqIb6hhpJkqgnjMSCPunQ79xi1RmkpxZfopCTnqCJpQjIyVIncruOCkg2A5SJVMjYSBvlEmh+fRHhzsRm6pWvFGgH+TEpigHrnvQVvijBNhMENat6peasIcKUMxI4NikGmSItxDHdKyVCBOdJiP3hjAHau0YSKVLWHgSP06kSOudZ/HtpMj09U/vaH4m9fKTHIU5lSkmSECjxclGYP23WEmsE0VwYb1LUFYUXsrxF2kEDY2ueL/QvD3K8cV7/KgVDuZpFEAm2AblEEVHIIaOAN14AMM7sADeALPzr3z6Lw4r+PWKWcyswG+wXn7BOhQl60=</latexit><latexit sha1_base64="t0asmWR1Z2FePNUwh1TwfXH0C6I=">AAACBXicjVDLSsNAFJ34rPUVdSnCYBGqi5KKoO6KbtyIFYwtNCFMppN26DzizEQooSs3/oobFypu/Qd3/o3Tx0JFwQMXDufcy733xCmj2njehzM1PTM7N19YKC4uLa+sumvr11pmChMfSyZVM0aaMCqIb6hhpJkqgnjMSCPunQ79xi1RmkpxZfopCTnqCJpQjIyVIncruOCkg2A5SJVMjYSBvlEmh+fRHhzsRm6pWvFGgH+TEpigHrnvQVvijBNhMENat6peasIcKUMxI4NikGmSItxDHdKyVCBOdJiP3hjAHau0YSKVLWHgSP06kSOudZ/HtpMj09U/vaH4m9fKTHIU5lSkmSECjxclGYP23WEmsE0VwYb1LUFYUXsrxF2kEDY2ueL/QvD3K8cV7/KgVDuZpFEAm2AblEEVHIIaOAN14AMM7sADeALPzr3z6Lw4r+PWKWcyswG+wXn7BOhQl60=</latexit>

2. Dust height

Hd =

✓
1 +

St

↵D

◆�1/2

Hg
<latexit sha1_base64="Vm5VmYuXnW4c14dhFFWw6djUkXc="></latexit><latexit sha1_base64="Vm5VmYuXnW4c14dhFFWw6djUkXc="></latexit><latexit sha1_base64="Vm5VmYuXnW4c14dhFFWw6djUkXc="></latexit>

St / a

⌃g
<latexit sha1_base64="IyxIgIXIFAbRJHupQ/17yvQjH78=">AAACC3icjVDLSgMxFM3UV62vqks3wSK4KlMR1F3RjctKHVvoDCWTZqaheZFkhDLMB7jxV9y4UHHrD7jzb0wfCxUFDwQO55zLzT2xYtRY3//wSguLS8sr5dXK2vrG5lZ1e+fGyExjEmDJpO7GyBBGBQkstYx0lSaIx4x04tHFxO/cEm2oFNd2rEjEUSpoQjGyTupXa20LQ6WlshKGiUY4R0UetmnKUT8PNYdpUbhUo+5PAf8mNTBHq199DwcSZ5wIixkyptfwlY1ypC3FjBSVMDNEITxCKek5KhAnJsqnxxTwwCkDmEjtnrBwqn6dyBE3Zsxjl+TIDs1PbyL+5vUym5xGORUqs0Tg2aIkY9BdPmkGDqgm2LKxIwhr6v4K8RC5Sqzrr/K/EoKj+lndvzquNc/nbZTBHtgHh6ABTkATXIIWCAAGd+ABPIFn79579F6811m05M1ndsE3eG+fp/iblQ==</latexit><latexit sha1_base64="IyxIgIXIFAbRJHupQ/17yvQjH78=">AAACC3icjVDLSgMxFM3UV62vqks3wSK4KlMR1F3RjctKHVvoDCWTZqaheZFkhDLMB7jxV9y4UHHrD7jzb0wfCxUFDwQO55zLzT2xYtRY3//wSguLS8sr5dXK2vrG5lZ1e+fGyExjEmDJpO7GyBBGBQkstYx0lSaIx4x04tHFxO/cEm2oFNd2rEjEUSpoQjGyTupXa20LQ6WlshKGiUY4R0UetmnKUT8PNYdpUbhUo+5PAf8mNTBHq199DwcSZ5wIixkyptfwlY1ypC3FjBSVMDNEITxCKek5KhAnJsqnxxTwwCkDmEjtnrBwqn6dyBE3Zsxjl+TIDs1PbyL+5vUym5xGORUqs0Tg2aIkY9BdPmkGDqgm2LKxIwhr6v4K8RC5Sqzrr/K/EoKj+lndvzquNc/nbZTBHtgHh6ABTkATXIIWCAAGd+ABPIFn79579F6811m05M1ndsE3eG+fp/iblQ==</latexit><latexit sha1_base64="IyxIgIXIFAbRJHupQ/17yvQjH78=">AAACC3icjVDLSgMxFM3UV62vqks3wSK4KlMR1F3RjctKHVvoDCWTZqaheZFkhDLMB7jxV9y4UHHrD7jzb0wfCxUFDwQO55zLzT2xYtRY3//wSguLS8sr5dXK2vrG5lZ1e+fGyExjEmDJpO7GyBBGBQkstYx0lSaIx4x04tHFxO/cEm2oFNd2rEjEUSpoQjGyTupXa20LQ6WlshKGiUY4R0UetmnKUT8PNYdpUbhUo+5PAf8mNTBHq199DwcSZ5wIixkyptfwlY1ypC3FjBSVMDNEITxCKek5KhAnJsqnxxTwwCkDmEjtnrBwqn6dyBE3Zsxjl+TIDs1PbyL+5vUym5xGORUqs0Tg2aIkY9BdPmkGDqgm2LKxIwhr6v4K8RC5Sqzrr/K/EoKj+lndvzquNc/nbZTBHtgHh6ABTkATXIIWCAAGd+ABPIFn79579F6811m05M1ndsE3eG+fp/iblQ==</latexit>

B-fields

Turbulence + Winds
Turbulence only

Inversely solve the problem
1.Find                 with

2. Find                  with
       that satisfies marginally GI

↵D (or �0)
<latexit sha1_base64="EFN4fqC2m9I5x/71p10g2jVGSZs=">AAACCHicbVA9T8MwEHX4LOUrwMhiUSGVpUoRErBVwMBYJEIrNVF0cZ3WqhNHtoOooq4s/BUWBkCs/AQ2/g1umwFa3vTuvTvd3QtTzpR2nG9rYXFpeWW1tFZe39jc2rZ3du+UyCShLhFcyHYIinKWUFczzWk7lRTikNNWOLgc+617KhUTya0eptSPoZewiBHQRgps7AFP+xDkVyPsxaF4yHFVSGyKkGoInKPArjg1ZwI8T+oFqaACzcD+8rqCZDFNNOGgVKfupNrPQWpGOB2VvUzRFMgAerRjaAIxVX4++WSED43SxZG5IBKJxhP190QOsVLDODSdMei+mvXG4n9eJ9PRmZ+zJM00Tch0UZRxrAUex4K7TFKi+dAQIJKZWzHpgwSiTXhlE0J99uV54h7XzmvOzUmlcVGkUUL76ABVUR2doga6Rk3kIoIe0TN6RW/Wk/VivVsf09YFq5jZQ39gff4ATjyY/g==</latexit><latexit sha1_base64="EFN4fqC2m9I5x/71p10g2jVGSZs=">AAACCHicbVA9T8MwEHX4LOUrwMhiUSGVpUoRErBVwMBYJEIrNVF0cZ3WqhNHtoOooq4s/BUWBkCs/AQ2/g1umwFa3vTuvTvd3QtTzpR2nG9rYXFpeWW1tFZe39jc2rZ3du+UyCShLhFcyHYIinKWUFczzWk7lRTikNNWOLgc+617KhUTya0eptSPoZewiBHQRgps7AFP+xDkVyPsxaF4yHFVSGyKkGoInKPArjg1ZwI8T+oFqaACzcD+8rqCZDFNNOGgVKfupNrPQWpGOB2VvUzRFMgAerRjaAIxVX4++WSED43SxZG5IBKJxhP190QOsVLDODSdMei+mvXG4n9eJ9PRmZ+zJM00Tch0UZRxrAUex4K7TFKi+dAQIJKZWzHpgwSiTXhlE0J99uV54h7XzmvOzUmlcVGkUUL76ABVUR2doga6Rk3kIoIe0TN6RW/Wk/VivVsf09YFq5jZQ39gff4ATjyY/g==</latexit><latexit sha1_base64="EFN4fqC2m9I5x/71p10g2jVGSZs=">AAACCHicbVA9T8MwEHX4LOUrwMhiUSGVpUoRErBVwMBYJEIrNVF0cZ3WqhNHtoOooq4s/BUWBkCs/AQ2/g1umwFa3vTuvTvd3QtTzpR2nG9rYXFpeWW1tFZe39jc2rZ3du+UyCShLhFcyHYIinKWUFczzWk7lRTikNNWOLgc+617KhUTya0eptSPoZewiBHQRgps7AFP+xDkVyPsxaF4yHFVSGyKkGoInKPArjg1ZwI8T+oFqaACzcD+8rqCZDFNNOGgVKfupNrPQWpGOB2VvUzRFMgAerRjaAIxVX4++WSED43SxZG5IBKJxhP190QOsVLDODSdMei+mvXG4n9eJ9PRmZ+zJM00Tch0UZRxrAUex4K7TFKi+dAQIJKZWzHpgwSiTXhlE0J99uV54h7XzmvOzUmlcVGkUUL76ABVUR2doga6Rk3kIoIe0TN6RW/Wk/VivVsf09YFq5jZQ39gff4ATjyY/g==</latexit>

Hd = 1 au at r = 100 au
<latexit sha1_base64="EDua7PNuSdvZ05f+t6B7xSFaujY=">AAACFHicbVBNS8NAEN34WetX1KOXxSJ4kJKIoB4KRS89VjC20ISw2WzapbtJ2N2IJeRPePGvePGg4tWDN/+N2zagtj4YeLw3w8y8IGVUKsv6MhYWl5ZXVitr1fWNza1tc2f3ViaZwMTBCUtEN0CSMBoTR1HFSDcVBPGAkU4wvBr7nTsiJE3iGzVKicdRP6YRxUhpyTePW37uCg7DAjZs6PIguc8hyiBSsICiYVvWj1j4Zs2qWxPAeWKXpAZKtH3z0w0TnHESK8yQlD3bSpWXI6EoZqSoupkkKcJD1Cc9TWPEifTyyVcFPNRKCKNE6IoVnKi/J3LEpRzxQHdypAZy1huL/3m9TEXnXk7jNFMkxtNFUcagSuA4IhhSQbBiI00QFlTfCvEACYSVDrKqQ7BnX54nzkn9om5dn9aal2UaFbAPDsARsMEZaIIWaAMHYPAAnsALeDUejWfjzXifti4Y5cwe+APj4xuqL5zX</latexit><latexit sha1_base64="EDua7PNuSdvZ05f+t6B7xSFaujY=">AAACFHicbVBNS8NAEN34WetX1KOXxSJ4kJKIoB4KRS89VjC20ISw2WzapbtJ2N2IJeRPePGvePGg4tWDN/+N2zagtj4YeLw3w8y8IGVUKsv6MhYWl5ZXVitr1fWNza1tc2f3ViaZwMTBCUtEN0CSMBoTR1HFSDcVBPGAkU4wvBr7nTsiJE3iGzVKicdRP6YRxUhpyTePW37uCg7DAjZs6PIguc8hyiBSsICiYVvWj1j4Zs2qWxPAeWKXpAZKtH3z0w0TnHESK8yQlD3bSpWXI6EoZqSoupkkKcJD1Cc9TWPEifTyyVcFPNRKCKNE6IoVnKi/J3LEpRzxQHdypAZy1huL/3m9TEXnXk7jNFMkxtNFUcagSuA4IhhSQbBiI00QFlTfCvEACYSVDrKqQ7BnX54nzkn9om5dn9aal2UaFbAPDsARsMEZaIIWaAMHYPAAnsALeDUejWfjzXifti4Y5cwe+APj4xuqL5zX</latexit><latexit sha1_base64="EDua7PNuSdvZ05f+t6B7xSFaujY=">AAACFHicbVBNS8NAEN34WetX1KOXxSJ4kJKIoB4KRS89VjC20ISw2WzapbtJ2N2IJeRPePGvePGg4tWDN/+N2zagtj4YeLw3w8y8IGVUKsv6MhYWl5ZXVitr1fWNza1tc2f3ViaZwMTBCUtEN0CSMBoTR1HFSDcVBPGAkU4wvBr7nTsiJE3iGzVKicdRP6YRxUhpyTePW37uCg7DAjZs6PIguc8hyiBSsICiYVvWj1j4Zs2qWxPAeWKXpAZKtH3z0w0TnHESK8yQlD3bSpWXI6EoZqSoupkkKcJD1Cc9TWPEifTyyVcFPNRKCKNE6IoVnKi/J3LEpRzxQHdypAZy1huL/3m9TEXnXk7jNFMkxtNFUcagSuA4IhhSQbBiI00QFlTfCvEACYSVDrKqQ7BnX54nzkn9om5dn9aal2UaFbAPDsARsMEZaIIWaAMHYPAAnsALeDUejWfjzXifti4Y5cwe+APj4xuqL5zX</latexit>

↵GL (or �0)
<latexit sha1_base64="xtucIvVQFmEPb3zD4qRQHAWyd2Y=">AAACDXicbVC7TgMxEPTxDOF1QEljEUUKTXRBSEAXQQEFRZAIiZSLTnuOL7Fin0+2DxGd8gU0/AoNBSBaejr+BudRQMJUszO72t0JE8608bxvZ2FxaXllNbeWX9/Y3Np2d3bvtEwVoXUiuVTNEDTlLKZ1wwynzURRECGnjbB/MfIb91RpJuNbM0hoW0A3ZhEjYKwUuEUfeNKDIPOVwJfXQ+yLUD5kuCQVtkVIDQTeYeAWvLI3Bp4nlSkpoClqgfvldyRJBY0N4aB1q+Ilpp2BMoxwOsz7qaYJkD50acvSGATV7Wz8zhAXrdLBkb0gkrHBY/X3RAZC64EIbacA09Oz3kj8z2ulJjptZyxOUkNjMlkUpRwbiUfZ4A5TlBg+sASIYvZWTHqggBibYN6GUJl9eZ7Uj8pnZe/muFA9n6aRQ/voAJVQBZ2gKrpCNVRHBD2iZ/SK3pwn58V5dz4mrQvOdGYP/YHz+QPIj5ra</latexit><latexit sha1_base64="xtucIvVQFmEPb3zD4qRQHAWyd2Y=">AAACDXicbVC7TgMxEPTxDOF1QEljEUUKTXRBSEAXQQEFRZAIiZSLTnuOL7Fin0+2DxGd8gU0/AoNBSBaejr+BudRQMJUszO72t0JE8608bxvZ2FxaXllNbeWX9/Y3Np2d3bvtEwVoXUiuVTNEDTlLKZ1wwynzURRECGnjbB/MfIb91RpJuNbM0hoW0A3ZhEjYKwUuEUfeNKDIPOVwJfXQ+yLUD5kuCQVtkVIDQTeYeAWvLI3Bp4nlSkpoClqgfvldyRJBY0N4aB1q+Ilpp2BMoxwOsz7qaYJkD50acvSGATV7Wz8zhAXrdLBkb0gkrHBY/X3RAZC64EIbacA09Oz3kj8z2ulJjptZyxOUkNjMlkUpRwbiUfZ4A5TlBg+sASIYvZWTHqggBibYN6GUJl9eZ7Uj8pnZe/muFA9n6aRQ/voAJVQBZ2gKrpCNVRHBD2iZ/SK3pwn58V5dz4mrQvOdGYP/YHz+QPIj5ra</latexit><latexit sha1_base64="xtucIvVQFmEPb3zD4qRQHAWyd2Y=">AAACDXicbVC7TgMxEPTxDOF1QEljEUUKTXRBSEAXQQEFRZAIiZSLTnuOL7Fin0+2DxGd8gU0/AoNBSBaejr+BudRQMJUszO72t0JE8608bxvZ2FxaXllNbeWX9/Y3Np2d3bvtEwVoXUiuVTNEDTlLKZ1wwynzURRECGnjbB/MfIb91RpJuNbM0hoW0A3ZhEjYKwUuEUfeNKDIPOVwJfXQ+yLUD5kuCQVtkVIDQTeYeAWvLI3Bp4nlSkpoClqgfvldyRJBY0N4aB1q+Ilpp2BMoxwOsz7qaYJkD50acvSGATV7Wz8zhAXrdLBkb0gkrHBY/X3RAZC64EIbacA09Oz3kj8z2ulJjptZyxOUkNjMlkUpRwbiUfZ4A5TlBg+sASIYvZWTHqggBibYN6GUJl9eZ7Uj8pnZe/muFA9n6aRQ/voAJVQBZ2gKrpCNVRHBD2iZ/SK3pwn58V5dz4mrQvOdGYP/YHz+QPIj5ra</latexit>

⌃g
<latexit sha1_base64="vYkkm1yHimwVznRkY48pjI5ngRY=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx4rGltoYtlsN+nS3U3Y3Sgl9H948aDi1R/jzX/jts1BWx8MPN6bYWZemHKmjet+O6Wl5ZXVtfJ6ZWNza3unurt3r5NMEeqRhCeqE2JNOZPUM8xw2kkVxSLktB0OryZ++5EqzRJ5Z0YpDQSOJYsYwcZKD/4tiwXu5b4SKB73qjW37k6BFkmjIDUo0OpVv/x+QjJBpSEca91tuKkJcqwMI5yOK36maYrJEMe0a6nEguogn149RkdW6aMoUbakQVP190SOhdYjEdpOgc1Az3sT8T+vm5noPMiZTDNDJZktijKOTIImEaA+U5QYPrIEE8XsrYgMsMLE2KAqNoTG/MuLxDupX9Tdm9Na87JIowwHcAjH0IAzaMI1tMADAgqe4RXenCfnxXl3PmatJaeY2Yc/cD5/AMu0kj8=</latexit><latexit sha1_base64="vYkkm1yHimwVznRkY48pjI5ngRY=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx4rGltoYtlsN+nS3U3Y3Sgl9H948aDi1R/jzX/jts1BWx8MPN6bYWZemHKmjet+O6Wl5ZXVtfJ6ZWNza3unurt3r5NMEeqRhCeqE2JNOZPUM8xw2kkVxSLktB0OryZ++5EqzRJ5Z0YpDQSOJYsYwcZKD/4tiwXu5b4SKB73qjW37k6BFkmjIDUo0OpVv/x+QjJBpSEca91tuKkJcqwMI5yOK36maYrJEMe0a6nEguogn149RkdW6aMoUbakQVP190SOhdYjEdpOgc1Az3sT8T+vm5noPMiZTDNDJZktijKOTIImEaA+U5QYPrIEE8XsrYgMsMLE2KAqNoTG/MuLxDupX9Tdm9Na87JIowwHcAjH0IAzaMI1tMADAgqe4RXenCfnxXl3PmatJaeY2Yc/cD5/AMu0kj8=</latexit><latexit sha1_base64="vYkkm1yHimwVznRkY48pjI5ngRY=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx4rGltoYtlsN+nS3U3Y3Sgl9H948aDi1R/jzX/jts1BWx8MPN6bYWZemHKmjet+O6Wl5ZXVtfJ6ZWNza3unurt3r5NMEeqRhCeqE2JNOZPUM8xw2kkVxSLktB0OryZ++5EqzRJ5Z0YpDQSOJYsYwcZKD/4tiwXu5b4SKB73qjW37k6BFkmjIDUo0OpVv/x+QjJBpSEca91tuKkJcqwMI5yOK36maYrJEMe0a6nEguogn149RkdW6aMoUbakQVP190SOhdYjEdpOgc1Az3sT8T+vm5noPMiZTDNDJZktijKOTIImEaA+U5QYPrIEE8XsrYgMsMLE2KAqNoTG/MuLxDupX9Tdm9Na87JIowwHcAjH0IAzaMI1tMADAgqe4RXenCfnxXl3PmatJaeY2Yc/cD5/AMu0kj8=</latexit>

1. Gas surface density



Turbulence only Turbulence + Winds

Q=Q=

GI unstable

20 mm-sized dust is needed
to reproduce ALMA image  

Q= Q= Q=

4 mm-sized dust is needed
to reproduce ALMA image 

Smaller

Minimum Size of Dust Particles at r = 100 au

Results are obtained for given values of disk accretion rate, disk temperature

B-fields B-fields

⌃g ⌃g

↵
due to winds



Resulting Global Structure of the HL Tau Disk

Disk winds transport the most of angular momentum  
(50-80 %) across the entire region of the disk

The gas-to-dust rate varies along the distance from the star
(lower in the inner region & higher in the outer region)



Next Step1: 
Application to Polarization

(Preliminary)

JVLA data will be combined, too

Kataoka et al 2017, Stephens et al 2017

Carrasco-Gonzalez et al 2016 



Next Step 2: 
Application to Thermal emission

(Origins of gaps)



Summary
• ALMA observations of the HL Tau disk can advance our 

understanding of disk evolution

• Subsequent radiative transfer modeling suggests a higher 
degree of dust settling for the actively accreting disk

• Developed the simple, semi-analytical model, taking into 
account magnetically induced disk winds

• Our results indicate the importance of magnetically 
induced disk winds to fully reproduce the global 
configuration

• Followup work will be performed to obtain a better 
understanding of polarization observations and to fully 

Hasegawa et al 2017, ApJ, 845, 31 



Golden era of 
(exo)planetary 

sciences

~ micron ~ mm ~ m ~ km 103~      km

First Stage

A Comprehensive Examination of Planet Formation 
Covering the Full Size Range

Planet formation: 
Long journey 

from dust to planets

Size

Second Stage Third Stage



~ micron ~ mm

First Stage
Size

Numerical Modeling of 
Dust Growth in Turbulent Disks

Flock et al 2011 Sengupta et al 2018 submitted

~ m ~ km 103~      km

ALMA

JWST
We will infer the distribution of
planet-forming materials in disks



~ micron ~ mm ~ m ~ km 103~      km Size

Planetesimal Formation & Origins of Asteroids
Scenario 1:  Chondrule accretion

Scenario 2:  Chondrule accumulation OSIRIS-REx

Dawn

We will identify formation 
mechanism(s) of planetesimals

Applications 
to debris disksWFIRST Second Stage



~ micron ~ mm ~ m ~ km 103~      km

Third Stage
Size

Gas Accretion onto Cores & Origins of Super-
Earths

We will link formation mechanisms 
of (exo)planets to their atmosphere

Thorngren et al 2016

JWST

Applications to 
the Origin of the Solar System

FINESSE
Pollack et al 1996



Summary

• Planet formation is the long journey from small dust grains 
to large planets

• A number of important advances in planet formation over 
full range of scales

• As examples, the origin of heavy elements in observed 
exoplanets and theoretical modeling of the HL Tau disk 
are discussed

• further synergies between planetary and exoplanetary 
sciences will be undertaken to draw a better picture of 
planet formation and examine the origin of the solar and 
extrasolar planetary systems


