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DISK SUBSTRUCTURES IN THE PLANET FORMATION PARADIGM

▸ Disk substructures are mostly ubiquitous (e.g., talks by J. Huang, G. Herczeg, L. Pérez). 

‣ Could be a key piece of the dust evolution process:

Maximum particle size of ~1 m

Solution: non-smooth gas distributions  

i.e., pressure bumps to trap the dust.

Dust radial drift + fragmentation
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ARE SUBSTRUCTURES THE SMOKING OF DUST TRAPS? �3

Substructures

Dust trap
‣ Planet-disk interaction (e.g., Zhu et al. 

2014). 

‣ MHD effects (e.g., Flock et al. 2015)

No pressure 
bump

‣ Grain growth across snowlines (e.g., 
Pinilla et al. 2017) 

‣ Dust sintering (Okuzumi et al. 2016)



THE ORIGIN AND ROLE OF DISK SUBSTRUCTURES

Characterizing dust content of substructures is key to understand 
their origin and role.
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Multi-wavelength observations in the (sub-)mm

‣ Are disk substructures the smoking gun of dust traps? 

‣ Are substructures enhancing the dust growth?



HD 169142 

Macias et al. (2017)

SPHERE J band

Pohl et al. (2017)

Fedele et al. 

ALM 1.3 

Talk by S. Pérez; Pérez et al. (2019)

ALMA 1.3 mm

�5



MULTI-WAVELENGTH ALMA OBSERVATIONS

Macias et al. in press

‣Archival band 7 (0.89 mm) and 6 (1.3 mm) data. 

‣New band 3 (3 mm) observations. 

‣Angular Resolution ~0.1 arcsec (~12 au) 
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0.89 mm



3 mm

B1 B2 B3 B4
B1 B2 B3 B4 B1 B2 B3 B4

�70.89 mm



MULTI-WAVELENGTH ANALYSIS
Spectral behavior of dust opacity depends on the dust particle size distribution.
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MULTI-WAVELENGTH ANALYSIS
Spectral behavior of dust opacity depends on the dust particle size distribution.
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Power law

Power law + 3 rings

MCMC

+ inclination, PA, position offsets

‣ Gray body:



RINGS AS ACCUMULATIONS OF PEBBLES �10

‣ The three rings are reproduced with 
increases in optical depth and decreases 
in beta             accumulations of large dust 
grains.

Macias et al. in press



‣ The three rings are reproduced with 
increases in optical depth and decreases 
in beta             accumulations of large dust 
grains. 

‣ We can discard snowlines as a main 
driver of substructures. 

‣ Rings are likely associated with pressure 
bumps. 

‣ Disk probably harbors multiple giant 
planets (Pohl et al. 2017; Bertrang et al. 2018).

RINGS AS ACCUMULATIONS OF PEBBLES �11

Macias et al. in press



DUST PARTICLE SIZE DISTRIBUTION
‣ Dust opacities as in DSHARP (Birnstiel et al. 2018) and n(a) / a�p
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�12

Dust surface density:

Size distribution slope:

Max grain size:



DUST PARTICLE SIZE DISTRIBUTION
‣ Dust opacities as in DSHARP (Birnstiel et al. 2018) and n(a) / a�p

<latexit sha1_base64="ZP1+CQPpHf3DE8aTZp3lyb083ts=">AAAB/HicbVDLSgMxFM34rPU12qWbYBHqwjJTBV0W3bisYB/QjiWTZtrQTBKSjDAM9VfcuFDErR/izr8xbWehrQcuHM65l3vvCSWj2njet7Oyura+sVnYKm7v7O7tuweHLS0ShUkTCyZUJ0SaMMpJ01DDSEcqguKQkXY4vpn67UeiNBX83qSSBDEachpRjIyV+m6JV9Ap7EklpBEQPWRnctJ3y17VmwEuEz8nZZCj0Xe/egOBk5hwgxnSuut70gQZUoZiRibFXqKJRHiMhqRrKUcx0UE2O34CT6wygJFQtriBM/X3RIZirdM4tJ0xMiO96E3F/7xuYqKrIKNcJoZwPF8UJQzaP6dJwAFVBBuWWoKwovZWiEdIIWxsXkUbgr/48jJp1ar+ebV2d1GuX+dxFMAROAYV4INLUAe3oAGaAIMUPINX8OY8OS/Ou/Mxb11x8pkS+APn8welWZQh</latexit>

amax
<latexit sha1_base64="wya0h9OKPLfkFogVs3QeT1ROl88=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPRi8cK9gPaUCbbTbt0dxN2N2IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemHCmjed9O4W19Y3NreJ2aWd3b/+gfHjU0nGqCG2SmMeqE6KmnEnaNMxw2kkURRFy2g7HtzO//UiVZrF8MJOEBgKHkkWMoLFSG/uZwKdpv1zxqt4c7irxc1KBHI1++as3iEkqqDSEo9Zd30tMkKEyjHA6LfVSTRMkYxzSrqUSBdVBNj936p5ZZeBGsbIljTtXf09kKLSeiNB2CjQjvezNxP+8bmqi6yBjMkkNlWSxKEq5a2J39rs7YIoSwyeWIFHM3uqSESokxiZUsiH4yy+vklat6l9Ua/eXlfpNHkcRTuAUzsGHK6jDHTSgCQTG8Ayv8OYkzovz7nwsWgtOPnMMf+B8/gCg7o/C</latexit>

p
<latexit sha1_base64="YCRLqY3FYFMPr169IIibebwVZHg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP22eM+A==</latexit> 0

<latexit sha1_base64="VO1nodKAxGA4l9N5AvubiizHG5U=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oUy2m3bpJll3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZeIAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRVlDVpIhLVCVAzwWPWNNwI1pGKYRQI1g7GtzO//cSU5kn8YCaS+REOYx5yisZKnd4YpcS+2y9X3Ko7B1klXk4qkKPRL3/1BglNIxYbKlDrrudK42eoDKeCTUu9VDOJdIxD1rU0xohpP5vfOyVnVhmQMFG2YkPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwms/47FMDYvpYlGYCmISMnueDLhi1IiJJUgVt7cSOkKF1NiISjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIGCgGd4hTfn0Xlx3p2PRWvByWeO4Q+czx+/VI/G</latexit>

�
<latexit sha1_base64="EpwadKl79nuFFVBzWqBryCC0A38=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpl262YTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3k90KOtF+pujV3DrJKvIJUoUCzX/nqDRKWxVwhk9SYruemGORUo2CST8u9zPCUsjEd8q6lisbcBPn82Ck5t8qARIm2pZDM1d8TOY2NmcSh7YwpjsyyNxP/87oZRjdBLlSaIVdssSjKJMGEzD4nA6E5QzmxhDIt7K2EjaimDG0+ZRuCt/zyKmnVa95lrf5wVW3cFnGU4BTO4AI8uIYG3EMTfGAg4Ble4c1Rzovz7nwsWtecYuYE/sD5/AHFJI6o</latexit>

⌃d
<latexit sha1_base64="JFfMmCXxoEp/z9qahys76pDmlH4=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9mtBT0WvXisaD+gXUo2m21Dk+yaZIWy9E948aCIV/+ON/+NabsHbX0w8Hhvhpl5QcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8epIrRFYh6rboA15UzSlmGG026iKBYBp51gfDPzO09UaRbLBzNJqC/wULKIEWys1O3fs6HAg3BQrrhVdw60SrycVCBHc1D+6ocxSQWVhnCsdc9zE+NnWBlGOJ2W+qmmCSZjPKQ9SyUWVPvZ/N4pOrNKiKJY2ZIGzdXfExkWWk9EYDsFNiO97M3E/7xeaqIrP2MySQ2VZLEoSjkyMZo9j0KmKDF8YgkmitlbERlhhYmxEZVsCN7yy6ukXat6F9XaXb3SuM7jKMIJnMI5eHAJDbiFJrSAAIdneIU359F5cd6dj0VrwclnjuEPnM8f4x+P3g==</latexit>

⌧0
<latexit sha1_base64="fCxjq/toupiVcNz5ScxXjJcTmQc=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9p2nf75Ypbdecgq8TLSQVyNPrlr94gZmnEFTJJjel6boJ+RjUKJvm01EsNTygb0yHvWqpoxI2fza+dkjOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnsdTIQmjOUE0so08LeStiIasrQBlSyIXjLL6+SVq3qXVRr95eV+k0eRxFO4BTOwYMrqMMdNKAJDB7hGV7hzYmdF+fd+Vi0Fpx85hj+wPn8AUjHju8=</latexit>

�13

Dust surface density:

Size distribution slope:

Max grain size: ‣ Dust mass =  
‣ Maximum grain size: 2 mm - 20 cm 
‣ p = 3.5 in gaps (ISM-like)

160+250
�90 M�

<latexit sha1_base64="WKzP8gjtdanej7dU58xU2Mws/S8=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0UQxJLU967oxo1QwT6giWEynbZDZ5IwMxFKiFs3/oobF4q49Qvc+TdO2yy09cCFM+fcy9x7/IhRqSzr28jNzM7NL+QXC0vLK6tr5vpGXYaxwKSGQxaKpo8kYTQgNUUVI81IEMR9Rhp+/3LoN+6JkDQMbtUgIi5H3YB2KEZKS565bZ9Yd8l++dhKveTg3EofEkdweK1fThixWKaeWbRK1ghwmtgZKYIMVc/8ctohjjkJFGZIypZtRcpNkFAUM5IWnFiSCOE+6pKWpgHiRLrJ6JQU7mqlDTuh0BUoOFJ/TySISzngvu7kSPXkpDcU//NaseqcuQkNoliRAI8/6sQMqhAOc4FtKghWbKAJwoLqXSHuIYGw0ukVdAj25MnTpF4u2Yel8s1RsXKRxZEHW2AH7AEbnIIKuAJVUAMYPIJn8ArejCfjxXg3PsatOSOb2QR/YHz+AJEsmZk=</latexit>



INNER RING HARBORS A STRONG BUILD-UP OF LARGE PARTICLES �14

‣ Max grain size ~1 cm 
‣ Slope p~1.5 
‣ dust-to-gas mass ratio ~ 1  

        (with         from Fedele et al. 2017).⌃g
<latexit sha1_base64="sFzEt2z46OqIGZNian+Itr4lZOQ=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9mtBT0WvXisaD+gXUo2zW5Dk+yaZIWy9E948aCIV/+ON/+NabsHbX0w8Hhvhpl5QcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8epIrRFYh6rboA15UzSlmGG026iKBYBp51gfDPzO09UaRbLBzNJqC9wJFnICDZW6vbvWSTwIBqUK27VnQOtEi8nFcjRHJS/+sOYpIJKQzjWuue5ifEzrAwjnE5L/VTTBJMxjmjPUokF1X42v3eKzqwyRGGsbEmD5urviQwLrScisJ0Cm5Fe9mbif14vNeGVnzGZpIZKslgUphyZGM2eR0OmKDF8YgkmitlbERlhhYmxEZVsCN7yy6ukXat6F9XaXb3SuM7jKMIJnMI5eHAJDbiFJrSAAIdneIU359F5cd6dj0VrwclnjuEPnM8f56uP4Q==</latexit>

‣ Streaming instability? 
‣ Scattering?

‣      ~ 0.7 
‣      ~ 0.25

⌧0
<latexit sha1_base64="fCxjq/toupiVcNz5ScxXjJcTmQc=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9p2nf75Ypbdecgq8TLSQVyNPrlr94gZmnEFTJJjel6boJ+RjUKJvm01EsNTygb0yHvWqpoxI2fza+dkjOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnsdTIQmjOUE0so08LeStiIasrQBlSyIXjLL6+SVq3qXVRr95eV+k0eRxFO4BTOwYMrqMMdNKAJDB7hGV7hzYmdF+fd+Vi0Fpx85hj+wPn8AUjHju8=</latexit>

Macias et al. in press

�
<latexit sha1_base64="EpwadKl79nuFFVBzWqBryCC0A38=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpl262YTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3k90KOtF+pujV3DrJKvIJUoUCzX/nqDRKWxVwhk9SYruemGORUo2CST8u9zPCUsjEd8q6lisbcBPn82Ck5t8qARIm2pZDM1d8TOY2NmcSh7YwpjsyyNxP/87oZRjdBLlSaIVdssSjKJMGEzD4nA6E5QzmxhDIt7K2EjaimDG0+ZRuCt/zyKmnVa95lrf5wVW3cFnGU4BTO4AI8uIYG3EMTfGAg4Ble4c1Rzovz7nwsWtecYuYE/sD5/AHFJI6o</latexit>



SUMMARY & CONCLUSIONS
▸ ALMA ~0.1” (~12 au) data at 0.89 mm, 1.3 mm, and 3 mm of HD 169142. 

▸ Discard: snowlines as the origin of main substructures in HD 169142. 

▸ Confirm: substructures are associated with pressure bumps trapping large 
particles: potential sites for further planetesimal formation. 

▸ Inner ring might contain appropriate conditions for streaming instability. 

▸ Future prospects: 
• More targets. 
• More resolution: Cycle 6 ~0.05” @ 3 mm (PI: Macias). 
• (More) scattering. 
• More wavelengths: VLA.

�15



THANKS!


