
THE DISK SETTLING INSTABILITY
Fast clumping of  small grains in protoplanetary disks

We identify and characterize the disk “settling instability,” a variant of  the streaming instability 
(Youdin & Goodman 2005) that can occur in protoplanetary disks when grains settle vertically 
into the midplane region. The growth rate of  the settling instability is independent of  grain size 
and comparable to the disk orbital frequency for realistic parameters, suggesting that the instability 
is relevant for even the smallest grains. In addition, its characteristic wavelengths are larger than 
those of  the streaming instability, potentially allowing the instability to concentrate large masses of  
solids.  These properties suggest that in the process of  settling, small grains could band into rings 
(then filaments or clumps) with significantly higher than background metallicity. This could have a 
variety of  important consequences for the early stages of  planetesimal formation, for instance, by 
enhancing coagulation rates of  small grains and/or creating high-metallicity regions in the 
midplane that act to seed the standard streaming instability.
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ABSTRACT

SETTLING INSTABILITY

USEFUL DEFINITIONS 

RESONANT DRAG INSTABILITY
An algorithm to find instabilities in coupled dust dust-gas mixtures

1) Work out equilibrium: drift velocity (ws), gas properties 

2) Choose a gas wave, with frequency !wave(k)
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4) Dust “sees” a stationary wave, clumps dust
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Growth rate easy 
to calculate

Sound 

wave
MHD 

wave Epicycles Gravity 

wave

dust backreaction on gas drag forces on dust

Possible IMPLICATIONS

Dust in midplane, streams through gas with velocity 

!gas = ±kz
k
⌦

<latexit sha1_base64="c/MqZDkB5Irc1HUJL9HujMl0K7E="></latexit><latexit sha1_base64="c/MqZDkB5Irc1HUJL9HujMl0K7E="></latexit><latexit sha1_base64="c/MqZDkB5Irc1HUJL9HujMl0K7E="></latexit><latexit sha1_base64="c/MqZDkB5Irc1HUJL9HujMl0K7E="></latexit>

Resonance (fastest growing mode) 
occurs at 

kres =
⌦

|ws,x tan ✓k|
<latexit sha1_base64="di3UD0qCWXkGdmvMNHppsWjxVuE="></latexit><latexit sha1_base64="di3UD0qCWXkGdmvMNHppsWjxVuE="></latexit><latexit sha1_base64="di3UD0qCWXkGdmvMNHppsWjxVuE="></latexit><latexit sha1_base64="di3UD0qCWXkGdmvMNHppsWjxVuE="></latexit>

: (dust) metallicity µ ⌘ ⇢dust
⇢gas

<latexit sha1_base64="wOJ/cvdbASvZBMlzT3itR3OtjXc=">AAACOnicbZDLSsNAFIYnXmu9RV26GSyCq5KIoOKm6MZlBWMLTSiT6aQdOpPEuRRKyMP4IK7d6tK1q+LWB3DSZqFtfxj4+c45nDl/mDIqleN8Wiura+sbm5Wt6vbO7t6+fXD4JBMtMPFwwhLRDpEkjMbEU1Qx0k4FQTxkpBUO74p6a0SEpEn8qMYpCTjqxzSiGCmDuvaNzzX0ybOmI+hHAuHMF4Okm/kcqYHgWU9Llef5HO0jaWDXrjl1Zyq4aNzS1ECpZtee+L0Ea05ihRmSsuM6qQoyJBTFjORVX0uSIjxEfdIxNkacyCCbHpnDU0N6MEqEebGCU/p3IkNcyjEPTWfxSzlfK+DSWsiX4Y5W0VWQ0TjVisR4tj/SDKoEFkHCHhUEKzY2BmFBzQkQD5BJUJm4qyYbdz6JReOd16/r7sNFrXFbhlQBx+AEnAEXXIIGuAdN4AEMXsAbeAcf1qv1ZU2s71nrilXOHIF/sn5+AYicsJg=</latexit><latexit sha1_base64="wOJ/cvdbASvZBMlzT3itR3OtjXc=">AAACOnicbZDLSsNAFIYnXmu9RV26GSyCq5KIoOKm6MZlBWMLTSiT6aQdOpPEuRRKyMP4IK7d6tK1q+LWB3DSZqFtfxj4+c45nDl/mDIqleN8Wiura+sbm5Wt6vbO7t6+fXD4JBMtMPFwwhLRDpEkjMbEU1Qx0k4FQTxkpBUO74p6a0SEpEn8qMYpCTjqxzSiGCmDuvaNzzX0ybOmI+hHAuHMF4Okm/kcqYHgWU9Llef5HO0jaWDXrjl1Zyq4aNzS1ECpZtee+L0Ea05ihRmSsuM6qQoyJBTFjORVX0uSIjxEfdIxNkacyCCbHpnDU0N6MEqEebGCU/p3IkNcyjEPTWfxSzlfK+DSWsiX4Y5W0VWQ0TjVisR4tj/SDKoEFkHCHhUEKzY2BmFBzQkQD5BJUJm4qyYbdz6JReOd16/r7sNFrXFbhlQBx+AEnAEXXIIGuAdN4AEMXsAbeAcf1qv1ZU2s71nrilXOHIF/sn5+AYicsJg=</latexit><latexit sha1_base64="wOJ/cvdbASvZBMlzT3itR3OtjXc=">AAACOnicbZDLSsNAFIYnXmu9RV26GSyCq5KIoOKm6MZlBWMLTSiT6aQdOpPEuRRKyMP4IK7d6tK1q+LWB3DSZqFtfxj4+c45nDl/mDIqleN8Wiura+sbm5Wt6vbO7t6+fXD4JBMtMPFwwhLRDpEkjMbEU1Qx0k4FQTxkpBUO74p6a0SEpEn8qMYpCTjqxzSiGCmDuvaNzzX0ybOmI+hHAuHMF4Okm/kcqYHgWU9Llef5HO0jaWDXrjl1Zyq4aNzS1ECpZtee+L0Ea05ihRmSsuM6qQoyJBTFjORVX0uSIjxEfdIxNkacyCCbHpnDU0N6MEqEebGCU/p3IkNcyjEPTWfxSzlfK+DSWsiX4Y5W0VWQ0TjVisR4tj/SDKoEFkHCHhUEKzY2BmFBzQkQD5BJUJm4qyYbdz6JReOd16/r7sNFrXFbhlQBx+AEnAEXXIIGuAdN4AEMXsAbeAcf1qv1ZU2s71nrilXOHIF/sn5+AYicsJg=</latexit><latexit sha1_base64="wOJ/cvdbASvZBMlzT3itR3OtjXc=">AAACOnicbZDLSsNAFIYnXmu9RV26GSyCq5KIoOKm6MZlBWMLTSiT6aQdOpPEuRRKyMP4IK7d6tK1q+LWB3DSZqFtfxj4+c45nDl/mDIqleN8Wiura+sbm5Wt6vbO7t6+fXD4JBMtMPFwwhLRDpEkjMbEU1Qx0k4FQTxkpBUO74p6a0SEpEn8qMYpCTjqxzSiGCmDuvaNzzX0ybOmI+hHAuHMF4Okm/kcqYHgWU9Llef5HO0jaWDXrjl1Zyq4aNzS1ECpZtee+L0Ea05ihRmSsuM6qQoyJBTFjORVX0uSIjxEfdIxNkacyCCbHpnDU0N6MEqEebGCU/p3IkNcyjEPTWfxSzlfK+DSWsiX4Y5W0VWQ0TjVisR4tj/SDKoEFkHCHhUEKzY2BmFBzQkQD5BJUJm4qyYbdz6JReOd16/r7sNFrXFbhlQBx+AEnAEXXIIGuAdN4AEMXsAbeAcf1qv1ZU2s71nrilXOHIF/sn5+AYicsJg=</latexit>

⌘ =
UK � ugas,�

UK
⇠ (hg/r)

1/2 ⇠ 30
<latexit sha1_base64="4m2REH75kEJEvEGhn46kA5nEVCk="></latexit><latexit sha1_base64="4m2REH75kEJEvEGhn46kA5nEVCk="></latexit><latexit sha1_base64="4m2REH75kEJEvEGhn46kA5nEVCk="></latexit><latexit sha1_base64="4m2REH75kEJEvEGhn46kA5nEVCk="></latexit>

: dust-gas drift velocityws ⌘ vdust � ugas
<latexit sha1_base64="cGoyPF/cgNQeVGlsfhkerp5l5LI="></latexit><latexit sha1_base64="cGoyPF/cgNQeVGlsfhkerp5l5LI="></latexit><latexit sha1_base64="cGoyPF/cgNQeVGlsfhkerp5l5LI="></latexit><latexit sha1_base64="cGoyPF/cgNQeVGlsfhkerp5l5LI="></latexit>

    : local orbital frequency⌦
<latexit sha1_base64="3u6AwlMd41/LoehWTXSaY3ZyYKY=">AAACA3icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDuim7cWcFpC+1QMmmmjU0yQ5IRytCta7f6DK7ErQ/iI/gWpu0stO2BwMc595LkhAln2rjut1NYWV1b3yhulra2d3b3yvsHDR2nilCfxDxWrRBrypmkvmGG01aiKBYhp81weDPJm09UaRbLBzNKaCBwX7KIEWys1ejcCdrH3XLFrbpToUXwcqhArnq3/NPpxSQVVBrCsdZtz01MkGFlGOF0XOqkmiaYDHGfti1KLKgOsulrx+jEOj0UxcoeadDU/buRYaH1SIR2UmAz0PPZxFyahWKZ3U5NdBlkTCapoZLM7o9SjkyMJo2gHlOUGD6ygIli9guIDLDCxNjeSrYbb76JRfDPqldV7/68UrvOSyrCERzDKXhwATW4hTr4QOARXuAV3pxn5935cD5nowUn3zmEf3K+fgHjlJgB</latexit><latexit sha1_base64="3u6AwlMd41/LoehWTXSaY3ZyYKY=">AAACA3icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDuim7cWcFpC+1QMmmmjU0yQ5IRytCta7f6DK7ErQ/iI/gWpu0stO2BwMc595LkhAln2rjut1NYWV1b3yhulra2d3b3yvsHDR2nilCfxDxWrRBrypmkvmGG01aiKBYhp81weDPJm09UaRbLBzNKaCBwX7KIEWys1ejcCdrH3XLFrbpToUXwcqhArnq3/NPpxSQVVBrCsdZtz01MkGFlGOF0XOqkmiaYDHGfti1KLKgOsulrx+jEOj0UxcoeadDU/buRYaH1SIR2UmAz0PPZxFyahWKZ3U5NdBlkTCapoZLM7o9SjkyMJo2gHlOUGD6ygIli9guIDLDCxNjeSrYbb76JRfDPqldV7/68UrvOSyrCERzDKXhwATW4hTr4QOARXuAV3pxn5935cD5nowUn3zmEf3K+fgHjlJgB</latexit><latexit sha1_base64="3u6AwlMd41/LoehWTXSaY3ZyYKY=">AAACA3icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDuim7cWcFpC+1QMmmmjU0yQ5IRytCta7f6DK7ErQ/iI/gWpu0stO2BwMc595LkhAln2rjut1NYWV1b3yhulra2d3b3yvsHDR2nilCfxDxWrRBrypmkvmGG01aiKBYhp81weDPJm09UaRbLBzNKaCBwX7KIEWys1ejcCdrH3XLFrbpToUXwcqhArnq3/NPpxSQVVBrCsdZtz01MkGFlGOF0XOqkmiaYDHGfti1KLKgOsulrx+jEOj0UxcoeadDU/buRYaH1SIR2UmAz0PPZxFyahWKZ3U5NdBlkTCapoZLM7o9SjkyMJo2gHlOUGD6ygIli9guIDLDCxNjeSrYbb76JRfDPqldV7/68UrvOSyrCERzDKXhwATW4hTr4QOARXuAV3pxn5935cD5nowUn3zmEf3K+fgHjlJgB</latexit><latexit sha1_base64="3u6AwlMd41/LoehWTXSaY3ZyYKY=">AAACA3icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDuim7cWcFpC+1QMmmmjU0yQ5IRytCta7f6DK7ErQ/iI/gWpu0stO2BwMc595LkhAln2rjut1NYWV1b3yhulra2d3b3yvsHDR2nilCfxDxWrRBrypmkvmGG01aiKBYhp81weDPJm09UaRbLBzNKaCBwX7KIEWys1ejcCdrH3XLFrbpToUXwcqhArnq3/NPpxSQVVBrCsdZtz01MkGFlGOF0XOqkmiaYDHGfti1KLKgOsulrx+jEOj0UxcoeadDU/buRYaH1SIR2UmAz0PPZxFyahWKZ3U5NdBlkTCapoZLM7o9SjkyMJo2gHlOUGD6ygIli9guIDLDCxNjeSrYbb76JRfDPqldV7/68UrvOSyrCERzDKXhwATW4hTr4QOARXuAV3pxn5935cD5nowUn3zmEf3K+fgHjlJgB</latexit>

            : Stokes number (stopping time) : growth rate =(!)
<latexit sha1_base64="Wm8vSiUiqvj++DVzhQTWQTDQlZY=">AAACCHicbZDLSgMxGIUz9VbrrerSTbAIdVNmRFB3RTe6q+DYwsxQMmmmDc1lSDJCGfoErt3qM7gSt76Fj+BbmLaz0LYHAh/n/D9JTpwyqo3rfjulldW19Y3yZmVre2d3r7p/8KhlpjDxsWRSdWKkCaOC+IYaRjqpIojHjLTj4c0kbz8RpakUD2aUkoijvqAJxchYKwjveD2UnPTRabdacxvuVHARvAJqoFCrW/0JexJnnAiDGdI68NzURDlShmJGxpUw0yRFeIj6JLAoECc6yqdPHsMT6/RgIpU9wsCp+3cjR1zrEY/tJEdmoOezibk0i/kyO8hMchnlVKSZIQLP7k8yBo2Ek1pgjyqCDRtZQFhR+wWIB0ghbGx5FduNN9/EIvhnjauGd39ea14XJZXBETgGdeCBC9AEt6AFfICBBC/gFbw5z8678+F8zkZLTrFzCP7J+foFFlSZtg==</latexit><latexit sha1_base64="Wm8vSiUiqvj++DVzhQTWQTDQlZY=">AAACCHicbZDLSgMxGIUz9VbrrerSTbAIdVNmRFB3RTe6q+DYwsxQMmmmDc1lSDJCGfoErt3qM7gSt76Fj+BbmLaz0LYHAh/n/D9JTpwyqo3rfjulldW19Y3yZmVre2d3r7p/8KhlpjDxsWRSdWKkCaOC+IYaRjqpIojHjLTj4c0kbz8RpakUD2aUkoijvqAJxchYKwjveD2UnPTRabdacxvuVHARvAJqoFCrW/0JexJnnAiDGdI68NzURDlShmJGxpUw0yRFeIj6JLAoECc6yqdPHsMT6/RgIpU9wsCp+3cjR1zrEY/tJEdmoOezibk0i/kyO8hMchnlVKSZIQLP7k8yBo2Ek1pgjyqCDRtZQFhR+wWIB0ghbGx5FduNN9/EIvhnjauGd39ea14XJZXBETgGdeCBC9AEt6AFfICBBC/gFbw5z8678+F8zkZLTrFzCP7J+foFFlSZtg==</latexit><latexit sha1_base64="Wm8vSiUiqvj++DVzhQTWQTDQlZY=">AAACCHicbZDLSgMxGIUz9VbrrerSTbAIdVNmRFB3RTe6q+DYwsxQMmmmDc1lSDJCGfoErt3qM7gSt76Fj+BbmLaz0LYHAh/n/D9JTpwyqo3rfjulldW19Y3yZmVre2d3r7p/8KhlpjDxsWRSdWKkCaOC+IYaRjqpIojHjLTj4c0kbz8RpakUD2aUkoijvqAJxchYKwjveD2UnPTRabdacxvuVHARvAJqoFCrW/0JexJnnAiDGdI68NzURDlShmJGxpUw0yRFeIj6JLAoECc6yqdPHsMT6/RgIpU9wsCp+3cjR1zrEY/tJEdmoOezibk0i/kyO8hMchnlVKSZIQLP7k8yBo2Ek1pgjyqCDRtZQFhR+wWIB0ghbGx5FduNN9/EIvhnjauGd39ea14XJZXBETgGdeCBC9AEt6AFfICBBC/gFbw5z8678+F8zkZLTrFzCP7J+foFFlSZtg==</latexit><latexit sha1_base64="Wm8vSiUiqvj++DVzhQTWQTDQlZY=">AAACCHicbZDLSgMxGIUz9VbrrerSTbAIdVNmRFB3RTe6q+DYwsxQMmmmDc1lSDJCGfoErt3qM7gSt76Fj+BbmLaz0LYHAh/n/D9JTpwyqo3rfjulldW19Y3yZmVre2d3r7p/8KhlpjDxsWRSdWKkCaOC+IYaRjqpIojHjLTj4c0kbz8RpakUD2aUkoijvqAJxchYKwjveD2UnPTRabdacxvuVHARvAJqoFCrW/0JexJnnAiDGdI68NzURDlShmJGxpUw0yRFeIj6JLAoECc6yqdPHsMT6/RgIpU9wsCp+3cjR1zrEY/tJEdmoOezibk0i/kyO8hMchnlVKSZIQLP7k8yBo2Ek1pgjyqCDRtZQFhR+wWIB0ghbGx5FduNN9/EIvhnjauGd39ea14XJZXBETgGdeCBC9AEt6AFfICBBC/gFbw5z8678+F8zkZLTrFzCP7J+foFFlSZtg==</latexit>

    : local orbital velocityUK
<latexit sha1_base64="TEOENyChm0E+RNqN6zZstalxKMw=">AAACAHicbZDNSgMxFIXv1L9a/6ou3QSL4KrMiFDdFd0Ibio6ttAOJZNm2tAkMyQZoQxduXarz+BK3PomPoJvYdrOQtseCHyccy9JTphwpo3rfjuFldW19Y3iZmlre2d3r7x/8KjjVBHqk5jHqhViTTmT1DfMcNpKFMUi5LQZDq8nefOJKs1i+WBGCQ0E7ksWMYKNte797m23XHGr7lRoEbwcKpCr0S3/dHoxSQWVhnCsddtzExNkWBlGOB2XOqmmCSZD3KdtixILqoNs+tQxOrFOD0WxskcaNHX/bmRYaD0SoZ0U2Az0fDYxl2ahWGa3UxNdBBmTSWqoJLP7o5QjE6NJHajHFCWGjyxgopj9AiIDrDAxtrSS7cabb2IR/LPqZdW7O6/Ur/KSinAEx3AKHtSgDjfQAB8I9OEFXuHNeXbenQ/nczZacPKdQ/gn5+sXZeOWnQ==</latexit><latexit sha1_base64="TEOENyChm0E+RNqN6zZstalxKMw=">AAACAHicbZDNSgMxFIXv1L9a/6ou3QSL4KrMiFDdFd0Ibio6ttAOJZNm2tAkMyQZoQxduXarz+BK3PomPoJvYdrOQtseCHyccy9JTphwpo3rfjuFldW19Y3iZmlre2d3r7x/8KjjVBHqk5jHqhViTTmT1DfMcNpKFMUi5LQZDq8nefOJKs1i+WBGCQ0E7ksWMYKNte797m23XHGr7lRoEbwcKpCr0S3/dHoxSQWVhnCsddtzExNkWBlGOB2XOqmmCSZD3KdtixILqoNs+tQxOrFOD0WxskcaNHX/bmRYaD0SoZ0U2Az0fDYxl2ahWGa3UxNdBBmTSWqoJLP7o5QjE6NJHajHFCWGjyxgopj9AiIDrDAxtrSS7cabb2IR/LPqZdW7O6/Ur/KSinAEx3AKHtSgDjfQAB8I9OEFXuHNeXbenQ/nczZacPKdQ/gn5+sXZeOWnQ==</latexit><latexit sha1_base64="TEOENyChm0E+RNqN6zZstalxKMw=">AAACAHicbZDNSgMxFIXv1L9a/6ou3QSL4KrMiFDdFd0Ibio6ttAOJZNm2tAkMyQZoQxduXarz+BK3PomPoJvYdrOQtseCHyccy9JTphwpo3rfjuFldW19Y3iZmlre2d3r7x/8KjjVBHqk5jHqhViTTmT1DfMcNpKFMUi5LQZDq8nefOJKs1i+WBGCQ0E7ksWMYKNte797m23XHGr7lRoEbwcKpCr0S3/dHoxSQWVhnCsddtzExNkWBlGOB2XOqmmCSZD3KdtixILqoNs+tQxOrFOD0WxskcaNHX/bmRYaD0SoZ0U2Az0fDYxl2ahWGa3UxNdBBmTSWqoJLP7o5QjE6NJHajHFCWGjyxgopj9AiIDrDAxtrSS7cabb2IR/LPqZdW7O6/Ur/KSinAEx3AKHtSgDjfQAB8I9OEFXuHNeXbenQ/nczZacPKdQ/gn5+sXZeOWnQ==</latexit><latexit sha1_base64="TEOENyChm0E+RNqN6zZstalxKMw=">AAACAHicbZDNSgMxFIXv1L9a/6ou3QSL4KrMiFDdFd0Ibio6ttAOJZNm2tAkMyQZoQxduXarz+BK3PomPoJvYdrOQtseCHyccy9JTphwpo3rfjuFldW19Y3iZmlre2d3r7x/8KjjVBHqk5jHqhViTTmT1DfMcNpKFMUi5LQZDq8nefOJKs1i+WBGCQ0E7ksWMYKNte797m23XHGr7lRoEbwcKpCr0S3/dHoxSQWVhnCsddtzExNkWBlGOB2XOqmmCSZD3KdtixILqoNs+tQxOrFOD0WxskcaNHX/bmRYaD0SoZ0U2Az0fDYxl2ahWGa3UxNdBBmTSWqoJLP7o5QjE6NJHajHFCWGjyxgopj9AiIDrDAxtrSS7cabb2IR/LPqZdW7O6/Ur/KSinAEx3AKHtSgDjfQAB8I9OEFXuHNeXbenQ/nczZacPKdQ/gn5+sXZeOWnQ==</latexit>

: mode wavenumberk =
2⇡

�
<latexit sha1_base64="xqTvJk2aQ6U8z//SU5g3x2mfSY0=">AAACF3icbZBPS8MwGMZT/875r+pF8BIcgqfRDkE9CEMvHidYN1jLSNN0C0vSkqTCKPWDePaqn8GTePXoR/BbmG096LYHAg/P876E9xemjCrtON/W0vLK6tp6ZaO6ubW9s2vv7T+oJJOYeDhhieyESBFGBfE01Yx0UkkQDxlph8Obcd9+JFLRRNzrUUoCjvqCxhQjbaKefTiEV9CPJcJ5w09pkfvMLEeo6Nk1p+5MBOeNW5oaKNXq2T9+lOCME6ExQ0p1XSfVQY6kppiRoupniqQID1GfdI0ViBMV5JMLCnhikgjGiTRPaDhJ/27kiCs14qGZ5EgP1Gw3Dhd2IV8UdzMdXwQ5FWmmicDT/+OMQZ3AMSUYUUmwZiNjEJbUnADxABlK2rCsGjbuLIl54zXql3X37qzWvC4hVcAROAanwAXnoAluQQt4AIMn8AJewZv1bL1bH9bndHTJKncOwD9ZX78JJ5+V</latexit><latexit sha1_base64="xqTvJk2aQ6U8z//SU5g3x2mfSY0=">AAACF3icbZBPS8MwGMZT/875r+pF8BIcgqfRDkE9CEMvHidYN1jLSNN0C0vSkqTCKPWDePaqn8GTePXoR/BbmG096LYHAg/P876E9xemjCrtON/W0vLK6tp6ZaO6ubW9s2vv7T+oJJOYeDhhieyESBFGBfE01Yx0UkkQDxlph8Obcd9+JFLRRNzrUUoCjvqCxhQjbaKefTiEV9CPJcJ5w09pkfvMLEeo6Nk1p+5MBOeNW5oaKNXq2T9+lOCME6ExQ0p1XSfVQY6kppiRoupniqQID1GfdI0ViBMV5JMLCnhikgjGiTRPaDhJ/27kiCs14qGZ5EgP1Gw3Dhd2IV8UdzMdXwQ5FWmmicDT/+OMQZ3AMSUYUUmwZiNjEJbUnADxABlK2rCsGjbuLIl54zXql3X37qzWvC4hVcAROAanwAXnoAluQQt4AIMn8AJewZv1bL1bH9bndHTJKncOwD9ZX78JJ5+V</latexit><latexit sha1_base64="xqTvJk2aQ6U8z//SU5g3x2mfSY0=">AAACF3icbZBPS8MwGMZT/875r+pF8BIcgqfRDkE9CEMvHidYN1jLSNN0C0vSkqTCKPWDePaqn8GTePXoR/BbmG096LYHAg/P876E9xemjCrtON/W0vLK6tp6ZaO6ubW9s2vv7T+oJJOYeDhhieyESBFGBfE01Yx0UkkQDxlph8Obcd9+JFLRRNzrUUoCjvqCxhQjbaKefTiEV9CPJcJ5w09pkfvMLEeo6Nk1p+5MBOeNW5oaKNXq2T9+lOCME6ExQ0p1XSfVQY6kppiRoupniqQID1GfdI0ViBMV5JMLCnhikgjGiTRPaDhJ/27kiCs14qGZ5EgP1Gw3Dhd2IV8UdzMdXwQ5FWmmicDT/+OMQZ3AMSUYUUmwZiNjEJbUnADxABlK2rCsGjbuLIl54zXql3X37qzWvC4hVcAROAanwAXnoAluQQt4AIMn8AJewZv1bL1bH9bndHTJKncOwD9ZX78JJ5+V</latexit><latexit sha1_base64="xqTvJk2aQ6U8z//SU5g3x2mfSY0=">AAACF3icbZBPS8MwGMZT/875r+pF8BIcgqfRDkE9CEMvHidYN1jLSNN0C0vSkqTCKPWDePaqn8GTePXoR/BbmG096LYHAg/P876E9xemjCrtON/W0vLK6tp6ZaO6ubW9s2vv7T+oJJOYeDhhieyESBFGBfE01Yx0UkkQDxlph8Obcd9+JFLRRNzrUUoCjvqCxhQjbaKefTiEV9CPJcJ5w09pkfvMLEeo6Nk1p+5MBOeNW5oaKNXq2T9+lOCME6ExQ0p1XSfVQY6kppiRoupniqQID1GfdI0ViBMV5JMLCnhikgjGiTRPaDhJ/27kiCs14qGZ5EgP1Gw3Dhd2IV8UdzMdXwQ5FWmmicDT/+OMQZ3AMSUYUUmwZiNjEJbUnADxABlK2rCsGjbuLIl54zXql3X37qzWvC4hVcAROAanwAXnoAluQQt4AIMn8AJewZv1bL1bH9bndHTJKncOwD9ZX78JJ5+V</latexit>

✓k = tan�1

✓
kx
kz

◆

<latexit sha1_base64="YMUn44YFoVCxL8JEVa8AiqptGS8=">AAACL3icbZDLSsNAFIYn3q23qks3g0XQhSURQV0IRTcuFawWmhom05N26GQSZk7EGvIaPohrt/oMuhG3voXT2oWXHpjh5//P4XC+MJXCoOu+OROTU9Mzs3PzpYXFpeWV8uralUkyzaHOE5noRsgMSKGgjgIlNFINLA4lXIe900F+fQvaiERdYj+FVsw6SkSCM7RWUHZ97AKyoEfpsY9M3eS7XuFLiHDbjzTjeS+4K+x3X/hadLq4E5QrbtUdFv0vvJGokFGdB+VPv53wLAaFXDJjmp6bYitnGgWXUJT8zEDKeI91oGmlYjGYVj68rKBb1mnTKNH2KaRD9+dEzmJj+nFoO2OGXfM3G5hjszAeZzczjA5buVBphqD49/4okxQTOqBH20IDR9m3gnEt7AmUd5nlhJZxybLx/pL4L+p71aOqd7FfqZ2MIM2RDbJJtolHDkiNnJFzUiecPJAn8kxenEfn1Xl3Pr5bJ5zRzDr5Vc7nF8Qlqd0=</latexit><latexit sha1_base64="YMUn44YFoVCxL8JEVa8AiqptGS8=">AAACL3icbZDLSsNAFIYn3q23qks3g0XQhSURQV0IRTcuFawWmhom05N26GQSZk7EGvIaPohrt/oMuhG3voXT2oWXHpjh5//P4XC+MJXCoOu+OROTU9Mzs3PzpYXFpeWV8uralUkyzaHOE5noRsgMSKGgjgIlNFINLA4lXIe900F+fQvaiERdYj+FVsw6SkSCM7RWUHZ97AKyoEfpsY9M3eS7XuFLiHDbjzTjeS+4K+x3X/hadLq4E5QrbtUdFv0vvJGokFGdB+VPv53wLAaFXDJjmp6bYitnGgWXUJT8zEDKeI91oGmlYjGYVj68rKBb1mnTKNH2KaRD9+dEzmJj+nFoO2OGXfM3G5hjszAeZzczjA5buVBphqD49/4okxQTOqBH20IDR9m3gnEt7AmUd5nlhJZxybLx/pL4L+p71aOqd7FfqZ2MIM2RDbJJtolHDkiNnJFzUiecPJAn8kxenEfn1Xl3Pr5bJ5zRzDr5Vc7nF8Qlqd0=</latexit><latexit sha1_base64="YMUn44YFoVCxL8JEVa8AiqptGS8=">AAACL3icbZDLSsNAFIYn3q23qks3g0XQhSURQV0IRTcuFawWmhom05N26GQSZk7EGvIaPohrt/oMuhG3voXT2oWXHpjh5//P4XC+MJXCoOu+OROTU9Mzs3PzpYXFpeWV8uralUkyzaHOE5noRsgMSKGgjgIlNFINLA4lXIe900F+fQvaiERdYj+FVsw6SkSCM7RWUHZ97AKyoEfpsY9M3eS7XuFLiHDbjzTjeS+4K+x3X/hadLq4E5QrbtUdFv0vvJGokFGdB+VPv53wLAaFXDJjmp6bYitnGgWXUJT8zEDKeI91oGmlYjGYVj68rKBb1mnTKNH2KaRD9+dEzmJj+nFoO2OGXfM3G5hjszAeZzczjA5buVBphqD49/4okxQTOqBH20IDR9m3gnEt7AmUd5nlhJZxybLx/pL4L+p71aOqd7FfqZ2MIM2RDbJJtolHDkiNnJFzUiecPJAn8kxenEfn1Xl3Pr5bJ5zRzDr5Vc7nF8Qlqd0=</latexit><latexit sha1_base64="YMUn44YFoVCxL8JEVa8AiqptGS8=">AAACL3icbZDLSsNAFIYn3q23qks3g0XQhSURQV0IRTcuFawWmhom05N26GQSZk7EGvIaPohrt/oMuhG3voXT2oWXHpjh5//P4XC+MJXCoOu+OROTU9Mzs3PzpYXFpeWV8uralUkyzaHOE5noRsgMSKGgjgIlNFINLA4lXIe900F+fQvaiERdYj+FVsw6SkSCM7RWUHZ97AKyoEfpsY9M3eS7XuFLiHDbjzTjeS+4K+x3X/hadLq4E5QrbtUdFv0vvJGokFGdB+VPv53wLAaFXDJjmp6bYitnGgWXUJT8zEDKeI91oGmlYjGYVj68rKBb1mnTKNH2KaRD9+dEzmJj+nFoO2OGXfM3G5hjszAeZzczjA5buVBphqD49/4okxQTOqBH20IDR9m3gnEt7AmUd5nlhJZxybLx/pL4L+p71aOqd7FfqZ2MIM2RDbJJtolHDkiNnJFzUiecPJAn8kxenEfn1Xl3Pr5bJ5zRzDr5Vc7nF8Qlqd0=</latexit>

: mode angle

Growth rate is 

STREAMING INSTABILITY

x
<latexit sha1_base64="tzTzCwAxc+cBScVlItmeiAz2KVI=">AAAB/nicdZBNS8MwHMbT+Tbn29Sjl+AQPJW2c67ehl48bmDdYCsjzdItLGlLkoqj7ODZq34GT+LVr+JH8FuYbhNU5gOBH8/z/5PkCRJGpbKsD6Owsrq2vlHcLG1t7+zulfcPbmWcCkw8HLNYdAIkCaMR8RRVjHQSQRAPGGkH46s8b98RIWkc3ahJQnyOhhENKUZKW637frlimXa95joWzKFadZwcaueW60LbtGaqgIWa/fJnbxDjlJNIYYak7NpWovwMCUUxI9NSL5UkQXiMhqSrMUKcSD+bPXQKT7QzgGEs9IkUnLk/NzLEpZzwQE9ypEbyb5abS7OAL7O7qQpdP6NRkioS4fn9YcqgimFeBhxQQbBiEw0IC6q/APEICYSVrqyku/kuAP4PnmNemHbrrNK4XJRUBEfgGJwCG9RBA1yDJvAABgQ8gifwbDwYL8ar8TYfLRiLnUPwS8b7F6w3lkc=</latexit><latexit sha1_base64="tzTzCwAxc+cBScVlItmeiAz2KVI=">AAAB/nicdZBNS8MwHMbT+Tbn29Sjl+AQPJW2c67ehl48bmDdYCsjzdItLGlLkoqj7ODZq34GT+LVr+JH8FuYbhNU5gOBH8/z/5PkCRJGpbKsD6Owsrq2vlHcLG1t7+zulfcPbmWcCkw8HLNYdAIkCaMR8RRVjHQSQRAPGGkH46s8b98RIWkc3ahJQnyOhhENKUZKW637frlimXa95joWzKFadZwcaueW60LbtGaqgIWa/fJnbxDjlJNIYYak7NpWovwMCUUxI9NSL5UkQXiMhqSrMUKcSD+bPXQKT7QzgGEs9IkUnLk/NzLEpZzwQE9ypEbyb5abS7OAL7O7qQpdP6NRkioS4fn9YcqgimFeBhxQQbBiEw0IC6q/APEICYSVrqyku/kuAP4PnmNemHbrrNK4XJRUBEfgGJwCG9RBA1yDJvAABgQ8gifwbDwYL8ar8TYfLRiLnUPwS8b7F6w3lkc=</latexit><latexit sha1_base64="tzTzCwAxc+cBScVlItmeiAz2KVI=">AAAB/nicdZBNS8MwHMbT+Tbn29Sjl+AQPJW2c67ehl48bmDdYCsjzdItLGlLkoqj7ODZq34GT+LVr+JH8FuYbhNU5gOBH8/z/5PkCRJGpbKsD6Owsrq2vlHcLG1t7+zulfcPbmWcCkw8HLNYdAIkCaMR8RRVjHQSQRAPGGkH46s8b98RIWkc3ahJQnyOhhENKUZKW637frlimXa95joWzKFadZwcaueW60LbtGaqgIWa/fJnbxDjlJNIYYak7NpWovwMCUUxI9NSL5UkQXiMhqSrMUKcSD+bPXQKT7QzgGEs9IkUnLk/NzLEpZzwQE9ypEbyb5abS7OAL7O7qQpdP6NRkioS4fn9YcqgimFeBhxQQbBiEw0IC6q/APEICYSVrqyku/kuAP4PnmNemHbrrNK4XJRUBEfgGJwCG9RBA1yDJvAABgQ8gifwbDwYL8ar8TYfLRiLnUPwS8b7F6w3lkc=</latexit><latexit sha1_base64="tzTzCwAxc+cBScVlItmeiAz2KVI=">AAAB/nicdZBNS8MwHMbT+Tbn29Sjl+AQPJW2c67ehl48bmDdYCsjzdItLGlLkoqj7ODZq34GT+LVr+JH8FuYbhNU5gOBH8/z/5PkCRJGpbKsD6Owsrq2vlHcLG1t7+zulfcPbmWcCkw8HLNYdAIkCaMR8RRVjHQSQRAPGGkH46s8b98RIWkc3ahJQnyOhhENKUZKW637frlimXa95joWzKFadZwcaueW60LbtGaqgIWa/fJnbxDjlJNIYYak7NpWovwMCUUxI9NSL5UkQXiMhqSrMUKcSD+bPXQKT7QzgGEs9IkUnLk/NzLEpZzwQE9ypEbyb5abS7OAL7O7qQpdP6NRkioS4fn9YcqgimFeBhxQQbBiEw0IC6q/APEICYSVrqyku/kuAP4PnmNemHbrrNK4XJRUBEfgGJwCG9RBA1yDJvAABgQ8gifwbDwYL8ar8TYfLRiLnUPwS8b7F6w3lkc=</latexit>

z
<latexit sha1_base64="qxH8KwrQ+y+bDSyf0ehY34kZx5I=">AAAB/nicdZBNS8MwHMbT+Tbn29Sjl+AQPJW2c67ehl48bmDdYCsjzdItLGlLkgqz7ODZq34GT+LVr+JH8FuYbhNU5gOBH8/z/5PkCRJGpbKsD6Owsrq2vlHcLG1t7+zulfcPbmWcCkw8HLNYdAIkCaMR8RRVjHQSQRAPGGkH46s8b98RIWkc3ahJQnyOhhENKUZKW637frlimXa95joWzKFadZwcaueW60LbtGaqgIWa/fJnbxDjlJNIYYak7NpWovwMCUUxI9NSL5UkQXiMhqSrMUKcSD+bPXQKT7QzgGEs9IkUnLk/NzLEpZzwQE9ypEbyb5abS7OAL7O7qQpdP6NRkioS4fn9YcqgimFeBhxQQbBiEw0IC6q/APEICYSVrqyku/kuAP4PnmNemHbrrNK4XJRUBEfgGJwCG9RBA1yDJvAABgQ8gifwbDwYL8ar8TYfLRiLnUPwS8b7F69rlkk=</latexit><latexit sha1_base64="qxH8KwrQ+y+bDSyf0ehY34kZx5I=">AAAB/nicdZBNS8MwHMbT+Tbn29Sjl+AQPJW2c67ehl48bmDdYCsjzdItLGlLkgqz7ODZq34GT+LVr+JH8FuYbhNU5gOBH8/z/5PkCRJGpbKsD6Owsrq2vlHcLG1t7+zulfcPbmWcCkw8HLNYdAIkCaMR8RRVjHQSQRAPGGkH46s8b98RIWkc3ahJQnyOhhENKUZKW637frlimXa95joWzKFadZwcaueW60LbtGaqgIWa/fJnbxDjlJNIYYak7NpWovwMCUUxI9NSL5UkQXiMhqSrMUKcSD+bPXQKT7QzgGEs9IkUnLk/NzLEpZzwQE9ypEbyb5abS7OAL7O7qQpdP6NRkioS4fn9YcqgimFeBhxQQbBiEw0IC6q/APEICYSVrqyku/kuAP4PnmNemHbrrNK4XJRUBEfgGJwCG9RBA1yDJvAABgQ8gifwbDwYL8ar8TYfLRiLnUPwS8b7F69rlkk=</latexit><latexit sha1_base64="qxH8KwrQ+y+bDSyf0ehY34kZx5I=">AAAB/nicdZBNS8MwHMbT+Tbn29Sjl+AQPJW2c67ehl48bmDdYCsjzdItLGlLkgqz7ODZq34GT+LVr+JH8FuYbhNU5gOBH8/z/5PkCRJGpbKsD6Owsrq2vlHcLG1t7+zulfcPbmWcCkw8HLNYdAIkCaMR8RRVjHQSQRAPGGkH46s8b98RIWkc3ahJQnyOhhENKUZKW637frlimXa95joWzKFadZwcaueW60LbtGaqgIWa/fJnbxDjlJNIYYak7NpWovwMCUUxI9NSL5UkQXiMhqSrMUKcSD+bPXQKT7QzgGEs9IkUnLk/NzLEpZzwQE9ypEbyb5abS7OAL7O7qQpdP6NRkioS4fn9YcqgimFeBhxQQbBiEw0IC6q/APEICYSVrqyku/kuAP4PnmNemHbrrNK4XJRUBEfgGJwCG9RBA1yDJvAABgQ8gifwbDwYL8ar8TYfLRiLnUPwS8b7F69rlkk=</latexit><latexit sha1_base64="qxH8KwrQ+y+bDSyf0ehY34kZx5I=">AAAB/nicdZBNS8MwHMbT+Tbn29Sjl+AQPJW2c67ehl48bmDdYCsjzdItLGlLkgqz7ODZq34GT+LVr+JH8FuYbhNU5gOBH8/z/5PkCRJGpbKsD6Owsrq2vlHcLG1t7+zulfcPbmWcCkw8HLNYdAIkCaMR8RRVjHQSQRAPGGkH46s8b98RIWkc3ahJQnyOhhENKUZKW637frlimXa95joWzKFadZwcaueW60LbtGaqgIWa/fJnbxDjlJNIYYak7NpWovwMCUUxI9NSL5UkQXiMhqSrMUKcSD+bPXQKT7QzgGEs9IkUnLk/NzLEpZzwQE9ypEbyb5abS7OAL7O7qQpdP6NRkioS4fn9YcqgimFeBhxQQbBiEw0IC6q/APEICYSVrqyku/kuAP4PnmNemHbrrNK4XJRUBEfgGJwCG9RBA1yDJvAABgQ8gifwbDwYL8ar8TYfLRiLnUPwS8b7F69rlkk=</latexit>

y
<latexit sha1_base64="/Mk/WUHbvqNOKszcLTj6lR5ZGA0=">AAAB/nicdZBNS8MwHMZTX+d8m3r0EhyCp9J2ztXb0IvHDawbbGWkWbqFpWlJUqGUHTx71c/gSbz6VfwIfgvTbYLKfCDw43n+f5I8QcKoVJb1Yaysrq1vbJa2yts7u3v7lYPDOxmnAhMPxywW3QBJwignnqKKkW4iCIoCRjrB5LrIO/dESBrzW5UlxI/QiNOQYqS01c4Glapl2o2661iwgFrNcQqoX1iuC23TmqkKFmoNKp/9YYzTiHCFGZKyZ1uJ8nMkFMWMTMv9VJIE4QkakZ5GjiIi/Xz20Ck81c4QhrHQhys4c39u5CiSMosCPRkhNZZ/s8JcmgXRMruXqtD1c8qTVBGO5/eHKYMqhkUZcEgFwYplGhAWVH8B4jESCCtdWVl3810A/B88x7w07fZ5tXm1KKkEjsEJOAM2aIAmuAEt4AEMCHgET+DZeDBejFfjbT66Yix2jsAvGe9frdGWSA==</latexit><latexit sha1_base64="/Mk/WUHbvqNOKszcLTj6lR5ZGA0=">AAAB/nicdZBNS8MwHMZTX+d8m3r0EhyCp9J2ztXb0IvHDawbbGWkWbqFpWlJUqGUHTx71c/gSbz6VfwIfgvTbYLKfCDw43n+f5I8QcKoVJb1Yaysrq1vbJa2yts7u3v7lYPDOxmnAhMPxywW3QBJwignnqKKkW4iCIoCRjrB5LrIO/dESBrzW5UlxI/QiNOQYqS01c4Glapl2o2661iwgFrNcQqoX1iuC23TmqkKFmoNKp/9YYzTiHCFGZKyZ1uJ8nMkFMWMTMv9VJIE4QkakZ5GjiIi/Xz20Ck81c4QhrHQhys4c39u5CiSMosCPRkhNZZ/s8JcmgXRMruXqtD1c8qTVBGO5/eHKYMqhkUZcEgFwYplGhAWVH8B4jESCCtdWVl3810A/B88x7w07fZ5tXm1KKkEjsEJOAM2aIAmuAEt4AEMCHgET+DZeDBejFfjbT66Yix2jsAvGe9frdGWSA==</latexit><latexit sha1_base64="/Mk/WUHbvqNOKszcLTj6lR5ZGA0=">AAAB/nicdZBNS8MwHMZTX+d8m3r0EhyCp9J2ztXb0IvHDawbbGWkWbqFpWlJUqGUHTx71c/gSbz6VfwIfgvTbYLKfCDw43n+f5I8QcKoVJb1Yaysrq1vbJa2yts7u3v7lYPDOxmnAhMPxywW3QBJwignnqKKkW4iCIoCRjrB5LrIO/dESBrzW5UlxI/QiNOQYqS01c4Glapl2o2661iwgFrNcQqoX1iuC23TmqkKFmoNKp/9YYzTiHCFGZKyZ1uJ8nMkFMWMTMv9VJIE4QkakZ5GjiIi/Xz20Ck81c4QhrHQhys4c39u5CiSMosCPRkhNZZ/s8JcmgXRMruXqtD1c8qTVBGO5/eHKYMqhkUZcEgFwYplGhAWVH8B4jESCCtdWVl3810A/B88x7w07fZ5tXm1KKkEjsEJOAM2aIAmuAEt4AEMCHgET+DZeDBejFfjbT66Yix2jsAvGe9frdGWSA==</latexit><latexit sha1_base64="/Mk/WUHbvqNOKszcLTj6lR5ZGA0=">AAAB/nicdZBNS8MwHMZTX+d8m3r0EhyCp9J2ztXb0IvHDawbbGWkWbqFpWlJUqGUHTx71c/gSbz6VfwIfgvTbYLKfCDw43n+f5I8QcKoVJb1Yaysrq1vbJa2yts7u3v7lYPDOxmnAhMPxywW3QBJwignnqKKkW4iCIoCRjrB5LrIO/dESBrzW5UlxI/QiNOQYqS01c4Glapl2o2661iwgFrNcQqoX1iuC23TmqkKFmoNKp/9YYzTiHCFGZKyZ1uJ8nMkFMWMTMv9VJIE4QkakZ5GjiIi/Xz20Ck81c4QhrHQhys4c39u5CiSMosCPRkhNZZ/s8JcmgXRMruXqtD1c8qTVBGO5/eHKYMqhkUZcEgFwYplGhAWVH8B4jESCCtdWVl3810A/B88x7w07fZ5tXm1KKkEjsEJOAM2aIAmuAEt4AEMCHgET+DZeDBejFfjbT66Yix2jsAvGe9frdGWSA==</latexit>

Occurs because the streaming 
dust excites gas epicycles 

arXiv:1711.03975

At μ > 1 a different mode dominates (see appendix of  paper) 
Growth rate , slower (but larger scales) for large grains! ⇡ i

p
µ� 1

<latexit sha1_base64="v0sCcCVJ6F5DagGmS/zq9H/h/74="></latexit><latexit sha1_base64="v0sCcCVJ6F5DagGmS/zq9H/h/74="></latexit><latexit sha1_base64="v0sCcCVJ6F5DagGmS/zq9H/h/74="></latexit><latexit sha1_base64="v0sCcCVJ6F5DagGmS/zq9H/h/74="></latexit>

(Nakagawa-Sekiya-Hayashi drift)

ws = vdust � ugas = �2
⌘UK(1 + µ) ⌧s
(1 + µ)2 + ⌧2s

x̂+
⌘UK⌧2s

(1 + µ)2 + ⌧2s
ŷ

<latexit sha1_base64="lQkD8wV/JO94+a5kRN6O2CWcRGE="></latexit><latexit sha1_base64="lQkD8wV/JO94+a5kRN6O2CWcRGE="></latexit><latexit sha1_base64="lQkD8wV/JO94+a5kRN6O2CWcRGE="></latexit><latexit sha1_base64="lQkD8wV/JO94+a5kRN6O2CWcRGE="></latexit>

⇡ �2⌘UK⌧s x̂, µ ⌧ 1, ⌧s ⌧ 1
<latexit sha1_base64="RSceUxeQIfQJG99JFjx5qB64avQ="></latexit><latexit sha1_base64="RSceUxeQIfQJG99JFjx5qB64avQ="></latexit><latexit sha1_base64="RSceUxeQIfQJG99JFjx5qB64avQ="></latexit><latexit sha1_base64="RSceUxeQIfQJG99JFjx5qB64avQ="></latexit>

⇡ �2⌘UK⌧s x̂, µ ⌧ 1, ⌧s ⌧ 1
<latexit sha1_base64="RSceUxeQIfQJG99JFjx5qB64avQ="></latexit><latexit sha1_base64="RSceUxeQIfQJG99JFjx5qB64avQ="></latexit><latexit sha1_base64="RSceUxeQIfQJG99JFjx5qB64avQ="></latexit><latexit sha1_base64="RSceUxeQIfQJG99JFjx5qB64avQ="></latexit>

Dust also settles vertically if  spread throughout disk

Resonates with gas epicycles 

Gas epicycles have frequency !gas = ±kz
k
⌦
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ws = vdust � ugas ⇡ (�2⌧sx̂± ⌘�1/2⌧sẑ) ⌘UK
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Vertical drift ~30× larger 
than radial drift

Resonance (fastest growing mode) occurs at 

Growth rate is 

=(!) ⇡ ⌦
⇣µ
2

⌘1/2
| sin ✓k|
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~30× larger scale than  
streaming instability 

kres =
⌦

|tan ✓kws,x +ws,z|
⇡ ⌦

|ws,z|
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Growth rate does not 
depend on grain size! 

For smaller grains, growth time much shorter than settling time       
tsettle ⇠ (⌦⌧s)
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Initial small grain population 
evenly spread through disk

Instability grows fastest  
for near-radial modes

R ⇠ 1000 km
⇣ ⌧s
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Enough mass in radial wavelength for planetesimal of  size
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Grains sizes not affected by gas viscosity  

May be affected by turbulence for smaller grains  
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⇣ ↵

10�4

⌘1/2 ⇣ µ

0.01

⌘�3/4

<latexit sha1_base64="i2FSVj59aazHrqV0Qgb1mucI5zs="></latexit><latexit sha1_base64="i2FSVj59aazHrqV0Qgb1mucI5zs="></latexit><latexit sha1_base64="i2FSVj59aazHrqV0Qgb1mucI5zs="></latexit><latexit sha1_base64="i2FSVj59aazHrqV0Qgb1mucI5zs="></latexit>

(but generally less so than YG streaming instability)  

COUPLED GAS+DUST EQUATIONS IN A LOCAL PATCH OF DISK

Causes local density  
enhancements 

Enhances coagulation  
rate in clumps during  
settling?

Clumps contain a large 
mass of  solids

⌧s . 0.1
⇣ µ
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Grows faster than settling for

Would naturally produce high- 
metallicity regions in midplane

Does the disk settling instability provide high-Z 
seed regions for the YG streaming instability?

(Johansen+ 2009, Bai & Stone 2010, Carrera+ 2015) 

Simulations show a critical metallicity  
 for the streaming instability to form planetesimals  
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Or enhanced densities could seed pressure bumps?

Or even direct collapse of  high-density regions? 

Numerical simulations needed…

Minor modifications from gas stratification

Buoyancy modifies 
gas oscillations

Resonant wavelength  
slightly different

Slightly faster mode growth

Depends on Brunt- 
Väisälä frequency
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<latexit sha1_base64="C/oZDOoknCQZ15yQ4IFjlJTT+5Q=">AAACC3icdVDNSgMxGMzWv1r/qh69BIvgacm21q4HoejFYwXXFtpasmm2DU12lyQrlKWv4NmrPoMn8epD+Ai+hdm2gkod+GCYmY/kGz/mTGmEPqzc0vLK6lp+vbCxubW9U9zdu1VRIgn1SMQj2fKxopyF1NNMc9qKJcXC57Tpjy4zv3lPpWJReKPHMe0KPAhZwAjWRrrr+CLtiOQc2Qg5k16xhGynVnXLCGakUimXM1I9Ra4LHZPJUAJzNHrFz04/IomgoSYcK9V2UKy7KZaaEU4nhU6iaIzJCA9o29AQC6q66fTXE3hklD4MImkm1HCq/txIsVBqLHyTFFgP1V8vExd6vlgktxMduN2UhXGiaUhm7wcJhzqCWTOwzyQlmo8NwUQycwIkQywx0aa/gunmuwD4P/HK9pntXJ+U6hfzkvLgAByCY+CAGqiDK9AAHiBAgkfwBJ6tB+vFerXeZtGcNd/ZB79gvX8BOH2a3g==</latexit><latexit sha1_base64="C/oZDOoknCQZ15yQ4IFjlJTT+5Q=">AAACC3icdVDNSgMxGMzWv1r/qh69BIvgacm21q4HoejFYwXXFtpasmm2DU12lyQrlKWv4NmrPoMn8epD+Ai+hdm2gkod+GCYmY/kGz/mTGmEPqzc0vLK6lp+vbCxubW9U9zdu1VRIgn1SMQj2fKxopyF1NNMc9qKJcXC57Tpjy4zv3lPpWJReKPHMe0KPAhZwAjWRrrr+CLtiOQc2Qg5k16xhGynVnXLCGakUimXM1I9Ra4LHZPJUAJzNHrFz04/IomgoSYcK9V2UKy7KZaaEU4nhU6iaIzJCA9o29AQC6q66fTXE3hklD4MImkm1HCq/txIsVBqLHyTFFgP1V8vExd6vlgktxMduN2UhXGiaUhm7wcJhzqCWTOwzyQlmo8NwUQycwIkQywx0aa/gunmuwD4P/HK9pntXJ+U6hfzkvLgAByCY+CAGqiDK9AAHiBAgkfwBJ6tB+vFerXeZtGcNd/ZB79gvX8BOH2a3g==</latexit><latexit sha1_base64="C/oZDOoknCQZ15yQ4IFjlJTT+5Q=">AAACC3icdVDNSgMxGMzWv1r/qh69BIvgacm21q4HoejFYwXXFtpasmm2DU12lyQrlKWv4NmrPoMn8epD+Ai+hdm2gkod+GCYmY/kGz/mTGmEPqzc0vLK6lp+vbCxubW9U9zdu1VRIgn1SMQj2fKxopyF1NNMc9qKJcXC57Tpjy4zv3lPpWJReKPHMe0KPAhZwAjWRrrr+CLtiOQc2Qg5k16xhGynVnXLCGakUimXM1I9Ra4LHZPJUAJzNHrFz04/IomgoSYcK9V2UKy7KZaaEU4nhU6iaIzJCA9o29AQC6q66fTXE3hklD4MImkm1HCq/txIsVBqLHyTFFgP1V8vExd6vlgktxMduN2UhXGiaUhm7wcJhzqCWTOwzyQlmo8NwUQycwIkQywx0aa/gunmuwD4P/HK9pntXJ+U6hfzkvLgAByCY+CAGqiDK9AAHiBAgkfwBJ6tB+vFerXeZtGcNd/ZB79gvX8BOH2a3g==</latexit><latexit sha1_base64="C/oZDOoknCQZ15yQ4IFjlJTT+5Q=">AAACC3icdVDNSgMxGMzWv1r/qh69BIvgacm21q4HoejFYwXXFtpasmm2DU12lyQrlKWv4NmrPoMn8epD+Ai+hdm2gkod+GCYmY/kGz/mTGmEPqzc0vLK6lp+vbCxubW9U9zdu1VRIgn1SMQj2fKxopyF1NNMc9qKJcXC57Tpjy4zv3lPpWJReKPHMe0KPAhZwAjWRrrr+CLtiOQc2Qg5k16xhGynVnXLCGakUimXM1I9Ra4LHZPJUAJzNHrFz04/IomgoSYcK9V2UKy7KZaaEU4nhU6iaIzJCA9o29AQC6q66fTXE3hklD4MImkm1HCq/txIsVBqLHyTFFgP1V8vExd6vlgktxMduN2UhXGiaUhm7wcJhzqCWTOwzyQlmo8NwUQycwIkQywx0aa/gunmuwD4P/HK9pntXJ+U6hfzkvLgAByCY+CAGqiDK9AAHiBAgkfwBJ6tB+vFerXeZtGcNd/ZB79gvX8BOH2a3g==</latexit>

µ = 0.1

<latexit sha1_base64="t1yztogW8yps11smLEzm/ag8hBc=">AAACCXicdVDLSsNAFJ34rPVVdelmsAiuQpJaGxdC0Y3LCsYWmlAm00k7dCYJMxOhhP6Ba7f6Da7ErV/hJ/gXTtoKKvXAMIdz7uXee8KUUaks68NYWl5ZXVsvbZQ3t7Z3dit7+3cyyQQmHk5YIjohkoTRmHiKKkY6qSCIh4y0w9FV4bfviZA0iW/VOCUBR4OYRhQjpSXfD3nu8+zCMu1Jr1LVX6PuOhYsSK3mOAWpn1muC23TmqIK5mj1Kp9+P8EZJ7HCDEnZta1UBTkSimJGJmU/kyRFeIQGpKtpjDiRQT7deQKPtdKHUSL0ixWcqj87csSlHPNQV3KkhvKvV4gLvZAvkruZitwgp3GaKRLj2fwoY1AlsMgF9qkgWLGxJggLqk+AeIgEwkqnV9bZfAcA/yeeY56b9s1ptXk5D6kEDsEROAE2aIAmuAYt4AEMUvAInsCz8WC8GK/G26x0yZj3HIBfMN6/AEyemmo=</latexit><latexit sha1_base64="t1yztogW8yps11smLEzm/ag8hBc=">AAACCXicdVDLSsNAFJ34rPVVdelmsAiuQpJaGxdC0Y3LCsYWmlAm00k7dCYJMxOhhP6Ba7f6Da7ErV/hJ/gXTtoKKvXAMIdz7uXee8KUUaks68NYWl5ZXVsvbZQ3t7Z3dit7+3cyyQQmHk5YIjohkoTRmHiKKkY6qSCIh4y0w9FV4bfviZA0iW/VOCUBR4OYRhQjpSXfD3nu8+zCMu1Jr1LVX6PuOhYsSK3mOAWpn1muC23TmqIK5mj1Kp9+P8EZJ7HCDEnZta1UBTkSimJGJmU/kyRFeIQGpKtpjDiRQT7deQKPtdKHUSL0ixWcqj87csSlHPNQV3KkhvKvV4gLvZAvkruZitwgp3GaKRLj2fwoY1AlsMgF9qkgWLGxJggLqk+AeIgEwkqnV9bZfAcA/yeeY56b9s1ptXk5D6kEDsEROAE2aIAmuAYt4AEMUvAInsCz8WC8GK/G26x0yZj3HIBfMN6/AEyemmo=</latexit><latexit sha1_base64="t1yztogW8yps11smLEzm/ag8hBc=">AAACCXicdVDLSsNAFJ34rPVVdelmsAiuQpJaGxdC0Y3LCsYWmlAm00k7dCYJMxOhhP6Ba7f6Da7ErV/hJ/gXTtoKKvXAMIdz7uXee8KUUaks68NYWl5ZXVsvbZQ3t7Z3dit7+3cyyQQmHk5YIjohkoTRmHiKKkY6qSCIh4y0w9FV4bfviZA0iW/VOCUBR4OYRhQjpSXfD3nu8+zCMu1Jr1LVX6PuOhYsSK3mOAWpn1muC23TmqIK5mj1Kp9+P8EZJ7HCDEnZta1UBTkSimJGJmU/kyRFeIQGpKtpjDiRQT7deQKPtdKHUSL0ixWcqj87csSlHPNQV3KkhvKvV4gLvZAvkruZitwgp3GaKRLj2fwoY1AlsMgF9qkgWLGxJggLqk+AeIgEwkqnV9bZfAcA/yeeY56b9s1ptXk5D6kEDsEROAE2aIAmuAYt4AEMUvAInsCz8WC8GK/G26x0yZj3HIBfMN6/AEyemmo=</latexit><latexit sha1_base64="t1yztogW8yps11smLEzm/ag8hBc=">AAACCXicdVDLSsNAFJ34rPVVdelmsAiuQpJaGxdC0Y3LCsYWmlAm00k7dCYJMxOhhP6Ba7f6Da7ErV/hJ/gXTtoKKvXAMIdz7uXee8KUUaks68NYWl5ZXVsvbZQ3t7Z3dit7+3cyyQQmHk5YIjohkoTRmHiKKkY6qSCIh4y0w9FV4bfviZA0iW/VOCUBR4OYRhQjpSXfD3nu8+zCMu1Jr1LVX6PuOhYsSK3mOAWpn1muC23TmqIK5mj1Kp9+P8EZJ7HCDEnZta1UBTkSimJGJmU/kyRFeIQGpKtpjDiRQT7deQKPtdKHUSL0ixWcqj87csSlHPNQV3KkhvKvV4gLvZAvkruZitwgp3GaKRLj2fwoY1AlsMgF9qkgWLGxJggLqk+AeIgEwkqnV9bZfAcA/yeeY56b9s1ptXk5D6kEDsEROAE2aIAmuAYt4AEMUvAInsCz8WC8GK/G26x0yZj3HIBfMN6/AEyemmo=</latexit>

✓k = 70�
<latexit sha1_base64="HNOx3FegdU6heNbQ+ucL4OCNQV8=">AAACEnicdZDLSgMxGIUzXmu9jXbpJlgEV8NMrbZdCEU3Lis4ttCOQyZN29DMheQfoQx9DNdu9RlciVtfwEfwLUwvgko9EDic8/8k+YJEcAW2/WEsLa+srq3nNvKbW9s7u+be/q2KU0mZS2MRy1ZAFBM8Yi5wEKyVSEbCQLBmMLyc9M17JhWPoxsYJcwLST/iPU4J6Mg3Cx0YMCD+8Lxi32UdyiUd+2bRtkq1k9JpDduWU644dlmbklM9qznYseypimiuhm9+droxTUMWARVEqbZjJ+BlRAKngo3znVSxhNAh6bO2thEJmfKy6ePH+EgnXdyLpT4R4Gn6cyMjoVKjMNCTIYGB+ttNwoVdEC6K2yn0ql7GoyQFFtHZ/b1UYIjxBBDucskoiJE2hEquv4DpgEhCQWPMazbfAPD/xi1ZNcu5LhfrF3NIOXSADtExclAF1dEVaiAXUTRCj+gJPRsPxovxarzNRpeM+U4B/ZLx/gXSFp3s</latexit><latexit sha1_base64="HNOx3FegdU6heNbQ+ucL4OCNQV8=">AAACEnicdZDLSgMxGIUzXmu9jXbpJlgEV8NMrbZdCEU3Lis4ttCOQyZN29DMheQfoQx9DNdu9RlciVtfwEfwLUwvgko9EDic8/8k+YJEcAW2/WEsLa+srq3nNvKbW9s7u+be/q2KU0mZS2MRy1ZAFBM8Yi5wEKyVSEbCQLBmMLyc9M17JhWPoxsYJcwLST/iPU4J6Mg3Cx0YMCD+8Lxi32UdyiUd+2bRtkq1k9JpDduWU644dlmbklM9qznYseypimiuhm9+droxTUMWARVEqbZjJ+BlRAKngo3znVSxhNAh6bO2thEJmfKy6ePH+EgnXdyLpT4R4Gn6cyMjoVKjMNCTIYGB+ttNwoVdEC6K2yn0ql7GoyQFFtHZ/b1UYIjxBBDucskoiJE2hEquv4DpgEhCQWPMazbfAPD/xi1ZNcu5LhfrF3NIOXSADtExclAF1dEVaiAXUTRCj+gJPRsPxovxarzNRpeM+U4B/ZLx/gXSFp3s</latexit><latexit sha1_base64="HNOx3FegdU6heNbQ+ucL4OCNQV8=">AAACEnicdZDLSgMxGIUzXmu9jXbpJlgEV8NMrbZdCEU3Lis4ttCOQyZN29DMheQfoQx9DNdu9RlciVtfwEfwLUwvgko9EDic8/8k+YJEcAW2/WEsLa+srq3nNvKbW9s7u+be/q2KU0mZS2MRy1ZAFBM8Yi5wEKyVSEbCQLBmMLyc9M17JhWPoxsYJcwLST/iPU4J6Mg3Cx0YMCD+8Lxi32UdyiUd+2bRtkq1k9JpDduWU644dlmbklM9qznYseypimiuhm9+droxTUMWARVEqbZjJ+BlRAKngo3znVSxhNAh6bO2thEJmfKy6ePH+EgnXdyLpT4R4Gn6cyMjoVKjMNCTIYGB+ttNwoVdEC6K2yn0ql7GoyQFFtHZ/b1UYIjxBBDucskoiJE2hEquv4DpgEhCQWPMazbfAPD/xi1ZNcu5LhfrF3NIOXSADtExclAF1dEVaiAXUTRCj+gJPRsPxovxarzNRpeM+U4B/ZLx/gXSFp3s</latexit><latexit sha1_base64="HNOx3FegdU6heNbQ+ucL4OCNQV8=">AAACEnicdZDLSgMxGIUzXmu9jXbpJlgEV8NMrbZdCEU3Lis4ttCOQyZN29DMheQfoQx9DNdu9RlciVtfwEfwLUwvgko9EDic8/8k+YJEcAW2/WEsLa+srq3nNvKbW9s7u+be/q2KU0mZS2MRy1ZAFBM8Yi5wEKyVSEbCQLBmMLyc9M17JhWPoxsYJcwLST/iPU4J6Mg3Cx0YMCD+8Lxi32UdyiUd+2bRtkq1k9JpDduWU644dlmbklM9qznYseypimiuhm9+droxTUMWARVEqbZjJ+BlRAKngo3znVSxhNAh6bO2thEJmfKy6ePH+EgnXdyLpT4R4Gn6cyMjoVKjMNCTIYGB+ttNwoVdEC6K2yn0ql7GoyQFFtHZ/b1UYIjxBBDucskoiJE2hEquv4DpgEhCQWPMazbfAPD/xi1ZNcu5LhfrF3NIOXSADtExclAF1dEVaiAXUTRCj+gJPRsPxovxarzNRpeM+U4B/ZLx/gXSFp3s</latexit>

µ = 0.1
<latexit sha1_base64="t1yztogW8yps11smLEzm/ag8hBc=">AAACCXicdVDLSsNAFJ34rPVVdelmsAiuQpJaGxdC0Y3LCsYWmlAm00k7dCYJMxOhhP6Ba7f6Da7ErV/hJ/gXTtoKKvXAMIdz7uXee8KUUaks68NYWl5ZXVsvbZQ3t7Z3dit7+3cyyQQmHk5YIjohkoTRmHiKKkY6qSCIh4y0w9FV4bfviZA0iW/VOCUBR4OYRhQjpSXfD3nu8+zCMu1Jr1LVX6PuOhYsSK3mOAWpn1muC23TmqIK5mj1Kp9+P8EZJ7HCDEnZta1UBTkSimJGJmU/kyRFeIQGpKtpjDiRQT7deQKPtdKHUSL0ixWcqj87csSlHPNQV3KkhvKvV4gLvZAvkruZitwgp3GaKRLj2fwoY1AlsMgF9qkgWLGxJggLqk+AeIgEwkqnV9bZfAcA/yeeY56b9s1ptXk5D6kEDsEROAE2aIAmuAYt4AEMUvAInsCz8WC8GK/G26x0yZj3HIBfMN6/AEyemmo=</latexit><latexit sha1_base64="t1yztogW8yps11smLEzm/ag8hBc=">AAACCXicdVDLSsNAFJ34rPVVdelmsAiuQpJaGxdC0Y3LCsYWmlAm00k7dCYJMxOhhP6Ba7f6Da7ErV/hJ/gXTtoKKvXAMIdz7uXee8KUUaks68NYWl5ZXVsvbZQ3t7Z3dit7+3cyyQQmHk5YIjohkoTRmHiKKkY6qSCIh4y0w9FV4bfviZA0iW/VOCUBR4OYRhQjpSXfD3nu8+zCMu1Jr1LVX6PuOhYsSK3mOAWpn1muC23TmqIK5mj1Kp9+P8EZJ7HCDEnZta1UBTkSimJGJmU/kyRFeIQGpKtpjDiRQT7deQKPtdKHUSL0ixWcqj87csSlHPNQV3KkhvKvV4gLvZAvkruZitwgp3GaKRLj2fwoY1AlsMgF9qkgWLGxJggLqk+AeIgEwkqnV9bZfAcA/yeeY56b9s1ptXk5D6kEDsEROAE2aIAmuAYt4AEMUvAInsCz8WC8GK/G26x0yZj3HIBfMN6/AEyemmo=</latexit><latexit sha1_base64="t1yztogW8yps11smLEzm/ag8hBc=">AAACCXicdVDLSsNAFJ34rPVVdelmsAiuQpJaGxdC0Y3LCsYWmlAm00k7dCYJMxOhhP6Ba7f6Da7ErV/hJ/gXTtoKKvXAMIdz7uXee8KUUaks68NYWl5ZXVsvbZQ3t7Z3dit7+3cyyQQmHk5YIjohkoTRmHiKKkY6qSCIh4y0w9FV4bfviZA0iW/VOCUBR4OYRhQjpSXfD3nu8+zCMu1Jr1LVX6PuOhYsSK3mOAWpn1muC23TmqIK5mj1Kp9+P8EZJ7HCDEnZta1UBTkSimJGJmU/kyRFeIQGpKtpjDiRQT7deQKPtdKHUSL0ixWcqj87csSlHPNQV3KkhvKvV4gLvZAvkruZitwgp3GaKRLj2fwoY1AlsMgF9qkgWLGxJggLqk+AeIgEwkqnV9bZfAcA/yeeY56b9s1ptXk5D6kEDsEROAE2aIAmuAYt4AEMUvAInsCz8WC8GK/G26x0yZj3HIBfMN6/AEyemmo=</latexit><latexit sha1_base64="t1yztogW8yps11smLEzm/ag8hBc=">AAACCXicdVDLSsNAFJ34rPVVdelmsAiuQpJaGxdC0Y3LCsYWmlAm00k7dCYJMxOhhP6Ba7f6Da7ErV/hJ/gXTtoKKvXAMIdz7uXee8KUUaks68NYWl5ZXVsvbZQ3t7Z3dit7+3cyyQQmHk5YIjohkoTRmHiKKkY6qSCIh4y0w9FV4bfviZA0iW/VOCUBR4OYRhQjpSXfD3nu8+zCMu1Jr1LVX6PuOhYsSK3mOAWpn1muC23TmqIK5mj1Kp9+P8EZJ7HCDEnZta1UBTkSimJGJmU/kyRFeIQGpKtpjDiRQT7deQKPtdKHUSL0ixWcqj87csSlHPNQV3KkhvKvV4gLvZAvkruZitwgp3GaKRLj2fwoY1AlsMgF9qkgWLGxJggLqk+AeIgEwkqnV9bZfAcA/yeeY56b9s1ptXk5D6kEDsEROAE2aIAmuAYt4AEMUvAInsCz8WC8GK/G26x0yZj3HIBfMN6/AEyemmo=</latexit>

µ
=

0
.0
0
1

<latexit sha1_base64="C/oZDOoknCQZ15yQ4IFjlJTT+5Q=">AAACC3icdVDNSgMxGMzWv1r/qh69BIvgacm21q4HoejFYwXXFtpasmm2DU12lyQrlKWv4NmrPoMn8epD+Ai+hdm2gkod+GCYmY/kGz/mTGmEPqzc0vLK6lp+vbCxubW9U9zdu1VRIgn1SMQj2fKxopyF1NNMc9qKJcXC57Tpjy4zv3lPpWJReKPHMe0KPAhZwAjWRrrr+CLtiOQc2Qg5k16xhGynVnXLCGakUimXM1I9Ra4LHZPJUAJzNHrFz04/IomgoSYcK9V2UKy7KZaaEU4nhU6iaIzJCA9o29AQC6q66fTXE3hklD4MImkm1HCq/txIsVBqLHyTFFgP1V8vExd6vlgktxMduN2UhXGiaUhm7wcJhzqCWTOwzyQlmo8NwUQycwIkQywx0aa/gunmuwD4P/HK9pntXJ+U6hfzkvLgAByCY+CAGqiDK9AAHiBAgkfwBJ6tB+vFerXeZtGcNd/ZB79gvX8BOH2a3g==</latexit><latexit sha1_base64="C/oZDOoknCQZ15yQ4IFjlJTT+5Q=">AAACC3icdVDNSgMxGMzWv1r/qh69BIvgacm21q4HoejFYwXXFtpasmm2DU12lyQrlKWv4NmrPoMn8epD+Ai+hdm2gkod+GCYmY/kGz/mTGmEPqzc0vLK6lp+vbCxubW9U9zdu1VRIgn1SMQj2fKxopyF1NNMc9qKJcXC57Tpjy4zv3lPpWJReKPHMe0KPAhZwAjWRrrr+CLtiOQc2Qg5k16xhGynVnXLCGakUimXM1I9Ra4LHZPJUAJzNHrFz04/IomgoSYcK9V2UKy7KZaaEU4nhU6iaIzJCA9o29AQC6q66fTXE3hklD4MImkm1HCq/txIsVBqLHyTFFgP1V8vExd6vlgktxMduN2UhXGiaUhm7wcJhzqCWTOwzyQlmo8NwUQycwIkQywx0aa/gunmuwD4P/HK9pntXJ+U6hfzkvLgAByCY+CAGqiDK9AAHiBAgkfwBJ6tB+vFerXeZtGcNd/ZB79gvX8BOH2a3g==</latexit><latexit sha1_base64="C/oZDOoknCQZ15yQ4IFjlJTT+5Q=">AAACC3icdVDNSgMxGMzWv1r/qh69BIvgacm21q4HoejFYwXXFtpasmm2DU12lyQrlKWv4NmrPoMn8epD+Ai+hdm2gkod+GCYmY/kGz/mTGmEPqzc0vLK6lp+vbCxubW9U9zdu1VRIgn1SMQj2fKxopyF1NNMc9qKJcXC57Tpjy4zv3lPpWJReKPHMe0KPAhZwAjWRrrr+CLtiOQc2Qg5k16xhGynVnXLCGakUimXM1I9Ra4LHZPJUAJzNHrFz04/IomgoSYcK9V2UKy7KZaaEU4nhU6iaIzJCA9o29AQC6q66fTXE3hklD4MImkm1HCq/txIsVBqLHyTFFgP1V8vExd6vlgktxMduN2UhXGiaUhm7wcJhzqCWTOwzyQlmo8NwUQycwIkQywx0aa/gunmuwD4P/HK9pntXJ+U6hfzkvLgAByCY+CAGqiDK9AAHiBAgkfwBJ6tB+vFerXeZtGcNd/ZB79gvX8BOH2a3g==</latexit><latexit sha1_base64="C/oZDOoknCQZ15yQ4IFjlJTT+5Q=">AAACC3icdVDNSgMxGMzWv1r/qh69BIvgacm21q4HoejFYwXXFtpasmm2DU12lyQrlKWv4NmrPoMn8epD+Ai+hdm2gkod+GCYmY/kGz/mTGmEPqzc0vLK6lp+vbCxubW9U9zdu1VRIgn1SMQj2fKxopyF1NNMc9qKJcXC57Tpjy4zv3lPpWJReKPHMe0KPAhZwAjWRrrr+CLtiOQc2Qg5k16xhGynVnXLCGakUimXM1I9Ra4LHZPJUAJzNHrFz04/IomgoSYcK9V2UKy7KZaaEU4nhU6iaIzJCA9o29AQC6q66fTXE3hklD4MImkm1HCq/txIsVBqLHyTFFgP1V8vExd6vlgktxMduN2UhXGiaUhm7wcJhzqCWTOwzyQlmo8NwUQycwIkQywx0aa/gunmuwD4P/HK9pntXJ+U6hfzkvLgAByCY+CAGqiDK9AAHiBAgkfwBJ6tB+vFerXeZtGcNd/ZB79gvX8BOH2a3g==</latexit>
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kres =
⌦

|ws,x tan ✓k|
<latexit sha1_base64="di3UD0qCWXkGdmvMNHppsWjxVuE="></latexit><latexit sha1_base64="di3UD0qCWXkGdmvMNHppsWjxVuE="></latexit><latexit sha1_base64="di3UD0qCWXkGdmvMNHppsWjxVuE="></latexit><latexit sha1_base64="di3UD0qCWXkGdmvMNHppsWjxVuE="></latexit>

Growth rate

resonance

(plot from Youdin & Goodman)

µ = 0.2
<latexit sha1_base64="Vhkeg2wUTJdTpnwepnNkI7ZcjSk=">AAACBHicdZBNS8MwHMbT+Tbn29Sjl+AQPJV0jG09CEMvHidYN9jKSLN0C0vakqTCKDt79qqfwZN49Xv4EfwWptsElflA4OF5/n+S/IKEM6UR+rAKa+sbm1vF7dLO7t7+Qfnw6E7FqSTUIzGPZTfAinIWUU8zzWk3kRSLgNNOMLnK+849lYrF0a2eJtQXeBSxkBGsTdTpi/QC2dVBuYJs5DbqjSZEtuO6dSc3NeSiqgMdG81VAUu1B+XP/jAmqaCRJhwr1XNQov0MS80Ip7NSP1U0wWSCR7RnbIQFVX42f+4MnplkCMNYmhNpOE9/bmRYKDUVgZkUWI/V3y4PV3aBWBX3Uh02/YxFSappRBb3hymHOoY5EjhkkhLNp8ZgIpn5AiRjLDHRBlzJsPkGAP83XtV2beemVmldLiEVwQk4BefAAQ3QAtegDTxAwAQ8gifwbD1YL9ar9bYYLVjLnWPwS9b7FzO6mCg=</latexit><latexit sha1_base64="Vhkeg2wUTJdTpnwepnNkI7ZcjSk=">AAACBHicdZBNS8MwHMbT+Tbn29Sjl+AQPJV0jG09CEMvHidYN9jKSLN0C0vakqTCKDt79qqfwZN49Xv4EfwWptsElflA4OF5/n+S/IKEM6UR+rAKa+sbm1vF7dLO7t7+Qfnw6E7FqSTUIzGPZTfAinIWUU8zzWk3kRSLgNNOMLnK+849lYrF0a2eJtQXeBSxkBGsTdTpi/QC2dVBuYJs5DbqjSZEtuO6dSc3NeSiqgMdG81VAUu1B+XP/jAmqaCRJhwr1XNQov0MS80Ip7NSP1U0wWSCR7RnbIQFVX42f+4MnplkCMNYmhNpOE9/bmRYKDUVgZkUWI/V3y4PV3aBWBX3Uh02/YxFSappRBb3hymHOoY5EjhkkhLNp8ZgIpn5AiRjLDHRBlzJsPkGAP83XtV2beemVmldLiEVwQk4BefAAQ3QAtegDTxAwAQ8gifwbD1YL9ar9bYYLVjLnWPwS9b7FzO6mCg=</latexit><latexit sha1_base64="Vhkeg2wUTJdTpnwepnNkI7ZcjSk=">AAACBHicdZBNS8MwHMbT+Tbn29Sjl+AQPJV0jG09CEMvHidYN9jKSLN0C0vakqTCKDt79qqfwZN49Xv4EfwWptsElflA4OF5/n+S/IKEM6UR+rAKa+sbm1vF7dLO7t7+Qfnw6E7FqSTUIzGPZTfAinIWUU8zzWk3kRSLgNNOMLnK+849lYrF0a2eJtQXeBSxkBGsTdTpi/QC2dVBuYJs5DbqjSZEtuO6dSc3NeSiqgMdG81VAUu1B+XP/jAmqaCRJhwr1XNQov0MS80Ip7NSP1U0wWSCR7RnbIQFVX42f+4MnplkCMNYmhNpOE9/bmRYKDUVgZkUWI/V3y4PV3aBWBX3Uh02/YxFSappRBb3hymHOoY5EjhkkhLNp8ZgIpn5AiRjLDHRBlzJsPkGAP83XtV2beemVmldLiEVwQk4BefAAQ3QAtegDTxAwAQ8gifwbD1YL9ar9bYYLVjLnWPwS9b7FzO6mCg=</latexit><latexit sha1_base64="Vhkeg2wUTJdTpnwepnNkI7ZcjSk=">AAACBHicdZBNS8MwHMbT+Tbn29Sjl+AQPJV0jG09CEMvHidYN9jKSLN0C0vakqTCKDt79qqfwZN49Xv4EfwWptsElflA4OF5/n+S/IKEM6UR+rAKa+sbm1vF7dLO7t7+Qfnw6E7FqSTUIzGPZTfAinIWUU8zzWk3kRSLgNNOMLnK+849lYrF0a2eJtQXeBSxkBGsTdTpi/QC2dVBuYJs5DbqjSZEtuO6dSc3NeSiqgMdG81VAUu1B+XP/jAmqaCRJhwr1XNQov0MS80Ip7NSP1U0wWSCR7RnbIQFVX42f+4MnplkCMNYmhNpOE9/bmRYKDUVgZkUWI/V3y4PV3aBWBX3Uh02/YxFSappRBb3hymHOoY5EjhkkhLNp8ZgIpn5AiRjLDHRBlzJsPkGAP83XtV2beemVmldLiEVwQk4BefAAQ3QAtegDTxAwAQ8gifwbD1YL9ar9bYYLVjLnWPwS9b7FzO6mCg=</latexit>

⌧s = 0.01
<latexit sha1_base64="AkBJUS/rajZ8fHbe/ahG1ZA16OU=">AAACCHicdVDLSgMxFM3UV62vqks3wSK4GpJS2s5CKLpxWcGxhXYomTTThmYeJBmhDP0C1271G1yJW//CT/AvzLQVVOqBkMM593LvPX4iuNIIfViFtfWNza3idmlnd2//oHx4dKfiVFLm0ljEsusTxQSPmKu5FqybSEZCX7COP7nK/c49k4rH0a2eJswLySjiAadEG6nX1yQdqAtkIzwoV8znNOqNJkQ2dpw6zkkNOaiKIbbRHBWwRHtQ/uwPY5qGLNJUEKV6GCXay4jUnAo2K/VTxRJCJ2TEeoZGJGTKy+Yrz+CZUYYwiKV5kYZz9WdHRkKlpqFvKkOix+qvl4srPT9cJfdSHTS9jEdJqllEF/ODVEAdwzwWOOSSUS2mhhAquTkB0jGRhGoTXslk8x0A/J+4Vdux8U2t0rpchlQEJ+AUnAMMGqAFrkEbuICCGDyCJ/BsPVgv1qv1tigtWMueY/AL1vsXF0OZuQ==</latexit><latexit sha1_base64="AkBJUS/rajZ8fHbe/ahG1ZA16OU=">AAACCHicdVDLSgMxFM3UV62vqks3wSK4GpJS2s5CKLpxWcGxhXYomTTThmYeJBmhDP0C1271G1yJW//CT/AvzLQVVOqBkMM593LvPX4iuNIIfViFtfWNza3idmlnd2//oHx4dKfiVFLm0ljEsusTxQSPmKu5FqybSEZCX7COP7nK/c49k4rH0a2eJswLySjiAadEG6nX1yQdqAtkIzwoV8znNOqNJkQ2dpw6zkkNOaiKIbbRHBWwRHtQ/uwPY5qGLNJUEKV6GCXay4jUnAo2K/VTxRJCJ2TEeoZGJGTKy+Yrz+CZUYYwiKV5kYZz9WdHRkKlpqFvKkOix+qvl4srPT9cJfdSHTS9jEdJqllEF/ODVEAdwzwWOOSSUS2mhhAquTkB0jGRhGoTXslk8x0A/J+4Vdux8U2t0rpchlQEJ+AUnAMMGqAFrkEbuICCGDyCJ/BsPVgv1qv1tigtWMueY/AL1vsXF0OZuQ==</latexit><latexit sha1_base64="AkBJUS/rajZ8fHbe/ahG1ZA16OU=">AAACCHicdVDLSgMxFM3UV62vqks3wSK4GpJS2s5CKLpxWcGxhXYomTTThmYeJBmhDP0C1271G1yJW//CT/AvzLQVVOqBkMM593LvPX4iuNIIfViFtfWNza3idmlnd2//oHx4dKfiVFLm0ljEsusTxQSPmKu5FqybSEZCX7COP7nK/c49k4rH0a2eJswLySjiAadEG6nX1yQdqAtkIzwoV8znNOqNJkQ2dpw6zkkNOaiKIbbRHBWwRHtQ/uwPY5qGLNJUEKV6GCXay4jUnAo2K/VTxRJCJ2TEeoZGJGTKy+Yrz+CZUYYwiKV5kYZz9WdHRkKlpqFvKkOix+qvl4srPT9cJfdSHTS9jEdJqllEF/ODVEAdwzwWOOSSUS2mhhAquTkB0jGRhGoTXslk8x0A/J+4Vdux8U2t0rpchlQEJ+AUnAMMGqAFrkEbuICCGDyCJ/BsPVgv1qv1tigtWMueY/AL1vsXF0OZuQ==</latexit><latexit sha1_base64="AkBJUS/rajZ8fHbe/ahG1ZA16OU=">AAACCHicdVDLSgMxFM3UV62vqks3wSK4GpJS2s5CKLpxWcGxhXYomTTThmYeJBmhDP0C1271G1yJW//CT/AvzLQVVOqBkMM593LvPX4iuNIIfViFtfWNza3idmlnd2//oHx4dKfiVFLm0ljEsusTxQSPmKu5FqybSEZCX7COP7nK/c49k4rH0a2eJswLySjiAadEG6nX1yQdqAtkIzwoV8znNOqNJkQ2dpw6zkkNOaiKIbbRHBWwRHtQ/uwPY5qGLNJUEKV6GCXay4jUnAo2K/VTxRJCJ2TEeoZGJGTKy+Yrz+CZUYYwiKV5kYZz9WdHRkKlpqFvKkOix+qvl4srPT9cJfdSHTS9jEdJqllEF/ODVEAdwzwWOOSSUS2mhhAquTkB0jGRhGoTXslk8x0A/J+4Vdux8U2t0rpchlQEJ+AUnAMMGqAFrkEbuICCGDyCJ/BsPVgv1qv1tigtWMueY/AL1vsXF0OZuQ==</latexit>

Accurately predicts fastest  
growing modes and their  
growth rates

Growth rate
✓k = 30�

<latexit sha1_base64="7M6DAdzr9U5G2SCfoGI85ZiV92E=">AAACFHicdZDLSgMxGIUz9VbrrSqu3ASL4GqYmRamXQhFNy4rOLbQqSWTpm1o5kLyj1CGPodrt/oMrsStex/BtzC9CCr1QOBwzv+T5AsSwRVY1oeRW1ldW9/Ibxa2tnd294r7B7cqTiVlHo1FLFsBUUzwiHnAQbBWIhkJA8Gawehy2jfvmVQ8jm5gnLBOSAYR73NKQEfd4pEPQwakO8LnuGzdZT7lkk66xZJlOjWn7NawZdqVqlNxtXHsWtlysW1aM5XQQo1u8dPvxTQNWQRUEKXatpVAJyMSOBVsUvBTxRJCR2TA2tpGJGSqk82eP8GnOunhfiz1iQDP0p8bGQmVGoeBngwJDNXfbhou7YJwWdxOoV/tZDxKUmARnd/fTwWGGE8R4R6XjIIYa0Oo5PoLmA6JJBQ0yIJm8w0A/288x6yZ9nWlVL9YQMqjY3SCzpCNXFRHV6iBPERRhh7RE3o2HowX49V4m4/mjMXOIfol4/0Lj2ueQg==</latexit><latexit sha1_base64="7M6DAdzr9U5G2SCfoGI85ZiV92E=">AAACFHicdZDLSgMxGIUz9VbrrSqu3ASL4GqYmRamXQhFNy4rOLbQqSWTpm1o5kLyj1CGPodrt/oMrsStex/BtzC9CCr1QOBwzv+T5AsSwRVY1oeRW1ldW9/Ibxa2tnd294r7B7cqTiVlHo1FLFsBUUzwiHnAQbBWIhkJA8Gawehy2jfvmVQ8jm5gnLBOSAYR73NKQEfd4pEPQwakO8LnuGzdZT7lkk66xZJlOjWn7NawZdqVqlNxtXHsWtlysW1aM5XQQo1u8dPvxTQNWQRUEKXatpVAJyMSOBVsUvBTxRJCR2TA2tpGJGSqk82eP8GnOunhfiz1iQDP0p8bGQmVGoeBngwJDNXfbhou7YJwWdxOoV/tZDxKUmARnd/fTwWGGE8R4R6XjIIYa0Oo5PoLmA6JJBQ0yIJm8w0A/288x6yZ9nWlVL9YQMqjY3SCzpCNXFRHV6iBPERRhh7RE3o2HowX49V4m4/mjMXOIfol4/0Lj2ueQg==</latexit><latexit sha1_base64="7M6DAdzr9U5G2SCfoGI85ZiV92E=">AAACFHicdZDLSgMxGIUz9VbrrSqu3ASL4GqYmRamXQhFNy4rOLbQqSWTpm1o5kLyj1CGPodrt/oMrsStex/BtzC9CCr1QOBwzv+T5AsSwRVY1oeRW1ldW9/Ibxa2tnd294r7B7cqTiVlHo1FLFsBUUzwiHnAQbBWIhkJA8Gawehy2jfvmVQ8jm5gnLBOSAYR73NKQEfd4pEPQwakO8LnuGzdZT7lkk66xZJlOjWn7NawZdqVqlNxtXHsWtlysW1aM5XQQo1u8dPvxTQNWQRUEKXatpVAJyMSOBVsUvBTxRJCR2TA2tpGJGSqk82eP8GnOunhfiz1iQDP0p8bGQmVGoeBngwJDNXfbhou7YJwWdxOoV/tZDxKUmARnd/fTwWGGE8R4R6XjIIYa0Oo5PoLmA6JJBQ0yIJm8w0A/288x6yZ9nWlVL9YQMqjY3SCzpCNXFRHV6iBPERRhh7RE3o2HowX49V4m4/mjMXOIfol4/0Lj2ueQg==</latexit><latexit sha1_base64="7M6DAdzr9U5G2SCfoGI85ZiV92E=">AAACFHicdZDLSgMxGIUz9VbrrSqu3ASL4GqYmRamXQhFNy4rOLbQqSWTpm1o5kLyj1CGPodrt/oMrsStex/BtzC9CCr1QOBwzv+T5AsSwRVY1oeRW1ldW9/Ibxa2tnd294r7B7cqTiVlHo1FLFsBUUzwiHnAQbBWIhkJA8Gawehy2jfvmVQ8jm5gnLBOSAYR73NKQEfd4pEPQwakO8LnuGzdZT7lkk66xZJlOjWn7NawZdqVqlNxtXHsWtlysW1aM5XQQo1u8dPvxTQNWQRUEKXatpVAJyMSOBVsUvBTxRJCR2TA2tpGJGSqk82eP8GnOunhfiz1iQDP0p8bGQmVGoeBngwJDNXfbhou7YJwWdxOoV/tZDxKUmARnd/fTwWGGE8R4R6XjIIYa0Oo5PoLmA6JJBQ0yIJm8w0A/288x6yZ9nWlVL9YQMqjY3SCzpCNXFRHV6iBPERRhh7RE3o2HowX49V4m4/mjMXOIfol4/0Lj2ueQg==</latexit>

long wavelengths long wavelengths 
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<latexit sha1_base64="C/oZDOoknCQZ15yQ4IFjlJTT+5Q=">AAACC3icdVDNSgMxGMzWv1r/qh69BIvgacm21q4HoejFYwXXFtpasmm2DU12lyQrlKWv4NmrPoMn8epD+Ai+hdm2gkod+GCYmY/kGz/mTGmEPqzc0vLK6lp+vbCxubW9U9zdu1VRIgn1SMQj2fKxopyF1NNMc9qKJcXC57Tpjy4zv3lPpWJReKPHMe0KPAhZwAjWRrrr+CLtiOQc2Qg5k16xhGynVnXLCGakUimXM1I9Ra4LHZPJUAJzNHrFz04/IomgoSYcK9V2UKy7KZaaEU4nhU6iaIzJCA9o29AQC6q66fTXE3hklD4MImkm1HCq/txIsVBqLHyTFFgP1V8vExd6vlgktxMduN2UhXGiaUhm7wcJhzqCWTOwzyQlmo8NwUQycwIkQywx0aa/gunmuwD4P/HK9pntXJ+U6hfzkvLgAByCY+CAGqiDK9AAHiBAgkfwBJ6tB+vFerXeZtGcNd/ZB79gvX8BOH2a3g==</latexit><latexit sha1_base64="C/oZDOoknCQZ15yQ4IFjlJTT+5Q=">AAACC3icdVDNSgMxGMzWv1r/qh69BIvgacm21q4HoejFYwXXFtpasmm2DU12lyQrlKWv4NmrPoMn8epD+Ai+hdm2gkod+GCYmY/kGz/mTGmEPqzc0vLK6lp+vbCxubW9U9zdu1VRIgn1SMQj2fKxopyF1NNMc9qKJcXC57Tpjy4zv3lPpWJReKPHMe0KPAhZwAjWRrrr+CLtiOQc2Qg5k16xhGynVnXLCGakUimXM1I9Ra4LHZPJUAJzNHrFz04/IomgoSYcK9V2UKy7KZaaEU4nhU6iaIzJCA9o29AQC6q66fTXE3hklD4MImkm1HCq/txIsVBqLHyTFFgP1V8vExd6vlgktxMduN2UhXGiaUhm7wcJhzqCWTOwzyQlmo8NwUQycwIkQywx0aa/gunmuwD4P/HK9pntXJ+U6hfzkvLgAByCY+CAGqiDK9AAHiBAgkfwBJ6tB+vFerXeZtGcNd/ZB79gvX8BOH2a3g==</latexit><latexit sha1_base64="C/oZDOoknCQZ15yQ4IFjlJTT+5Q=">AAACC3icdVDNSgMxGMzWv1r/qh69BIvgacm21q4HoejFYwXXFtpasmm2DU12lyQrlKWv4NmrPoMn8epD+Ai+hdm2gkod+GCYmY/kGz/mTGmEPqzc0vLK6lp+vbCxubW9U9zdu1VRIgn1SMQj2fKxopyF1NNMc9qKJcXC57Tpjy4zv3lPpWJReKPHMe0KPAhZwAjWRrrr+CLtiOQc2Qg5k16xhGynVnXLCGakUimXM1I9Ra4LHZPJUAJzNHrFz04/IomgoSYcK9V2UKy7KZaaEU4nhU6iaIzJCA9o29AQC6q66fTXE3hklD4MImkm1HCq/txIsVBqLHyTFFgP1V8vExd6vlgktxMduN2UhXGiaUhm7wcJhzqCWTOwzyQlmo8NwUQycwIkQywx0aa/gunmuwD4P/HK9pntXJ+U6hfzkvLgAByCY+CAGqiDK9AAHiBAgkfwBJ6tB+vFerXeZtGcNd/ZB79gvX8BOH2a3g==</latexit><latexit sha1_base64="C/oZDOoknCQZ15yQ4IFjlJTT+5Q=">AAACC3icdVDNSgMxGMzWv1r/qh69BIvgacm21q4HoejFYwXXFtpasmm2DU12lyQrlKWv4NmrPoMn8epD+Ai+hdm2gkod+GCYmY/kGz/mTGmEPqzc0vLK6lp+vbCxubW9U9zdu1VRIgn1SMQj2fKxopyF1NNMc9qKJcXC57Tpjy4zv3lPpWJReKPHMe0KPAhZwAjWRrrr+CLtiOQc2Qg5k16xhGynVnXLCGakUimXM1I9Ra4LHZPJUAJzNHrFz04/IomgoSYcK9V2UKy7KZaaEU4nhU6iaIzJCA9o29AQC6q66fTXE3hklD4MImkm1HCq/txIsVBqLHyTFFgP1V8vExd6vlgktxMduN2UhXGiaUhm7wcJhzqCWTOwzyQlmo8NwUQycwIkQywx0aa/gunmuwD4P/HK9pntXJ+U6hfzkvLgAByCY+CAGqiDK9AAHiBAgkfwBJ6tB+vFerXeZtGcNd/ZB79gvX8BOH2a3g==</latexit>

µ
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1

<latexit sha1_base64="t1yztogW8yps11smLEzm/ag8hBc=">AAACCXicdVDLSsNAFJ34rPVVdelmsAiuQpJaGxdC0Y3LCsYWmlAm00k7dCYJMxOhhP6Ba7f6Da7ErV/hJ/gXTtoKKvXAMIdz7uXee8KUUaks68NYWl5ZXVsvbZQ3t7Z3dit7+3cyyQQmHk5YIjohkoTRmHiKKkY6qSCIh4y0w9FV4bfviZA0iW/VOCUBR4OYRhQjpSXfD3nu8+zCMu1Jr1LVX6PuOhYsSK3mOAWpn1muC23TmqIK5mj1Kp9+P8EZJ7HCDEnZta1UBTkSimJGJmU/kyRFeIQGpKtpjDiRQT7deQKPtdKHUSL0ixWcqj87csSlHPNQV3KkhvKvV4gLvZAvkruZitwgp3GaKRLj2fwoY1AlsMgF9qkgWLGxJggLqk+AeIgEwkqnV9bZfAcA/yeeY56b9s1ptXk5D6kEDsEROAE2aIAmuAYt4AEMUvAInsCz8WC8GK/G26x0yZj3HIBfMN6/AEyemmo=</latexit><latexit sha1_base64="t1yztogW8yps11smLEzm/ag8hBc=">AAACCXicdVDLSsNAFJ34rPVVdelmsAiuQpJaGxdC0Y3LCsYWmlAm00k7dCYJMxOhhP6Ba7f6Da7ErV/hJ/gXTtoKKvXAMIdz7uXee8KUUaks68NYWl5ZXVsvbZQ3t7Z3dit7+3cyyQQmHk5YIjohkoTRmHiKKkY6qSCIh4y0w9FV4bfviZA0iW/VOCUBR4OYRhQjpSXfD3nu8+zCMu1Jr1LVX6PuOhYsSK3mOAWpn1muC23TmqIK5mj1Kp9+P8EZJ7HCDEnZta1UBTkSimJGJmU/kyRFeIQGpKtpjDiRQT7deQKPtdKHUSL0ixWcqj87csSlHPNQV3KkhvKvV4gLvZAvkruZitwgp3GaKRLj2fwoY1AlsMgF9qkgWLGxJggLqk+AeIgEwkqnV9bZfAcA/yeeY56b9s1ptXk5D6kEDsEROAE2aIAmuAYt4AEMUvAInsCz8WC8GK/G26x0yZj3HIBfMN6/AEyemmo=</latexit><latexit sha1_base64="t1yztogW8yps11smLEzm/ag8hBc=">AAACCXicdVDLSsNAFJ34rPVVdelmsAiuQpJaGxdC0Y3LCsYWmlAm00k7dCYJMxOhhP6Ba7f6Da7ErV/hJ/gXTtoKKvXAMIdz7uXee8KUUaks68NYWl5ZXVsvbZQ3t7Z3dit7+3cyyQQmHk5YIjohkoTRmHiKKkY6qSCIh4y0w9FV4bfviZA0iW/VOCUBR4OYRhQjpSXfD3nu8+zCMu1Jr1LVX6PuOhYsSK3mOAWpn1muC23TmqIK5mj1Kp9+P8EZJ7HCDEnZta1UBTkSimJGJmU/kyRFeIQGpKtpjDiRQT7deQKPtdKHUSL0ixWcqj87csSlHPNQV3KkhvKvV4gLvZAvkruZitwgp3GaKRLj2fwoY1AlsMgF9qkgWLGxJggLqk+AeIgEwkqnV9bZfAcA/yeeY56b9s1ptXk5D6kEDsEROAE2aIAmuAYt4AEMUvAInsCz8WC8GK/G26x0yZj3HIBfMN6/AEyemmo=</latexit><latexit sha1_base64="t1yztogW8yps11smLEzm/ag8hBc=">AAACCXicdVDLSsNAFJ34rPVVdelmsAiuQpJaGxdC0Y3LCsYWmlAm00k7dCYJMxOhhP6Ba7f6Da7ErV/hJ/gXTtoKKvXAMIdz7uXee8KUUaks68NYWl5ZXVsvbZQ3t7Z3dit7+3cyyQQmHk5YIjohkoTRmHiKKkY6qSCIh4y0w9FV4bfviZA0iW/VOCUBR4OYRhQjpSXfD3nu8+zCMu1Jr1LVX6PuOhYsSK3mOAWpn1muC23TmqIK5mj1Kp9+P8EZJ7HCDEnZta1UBTkSimJGJmU/kyRFeIQGpKtpjDiRQT7deQKPtdKHUSL0ixWcqj87csSlHPNQV3KkhvKvV4gLvZAvkruZitwgp3GaKRLj2fwoY1AlsMgF9qkgWLGxJggLqk+AeIgEwkqnV9bZfAcA/yeeY56b9s1ptXk5D6kEDsEROAE2aIAmuAYt4AEMUvAInsCz8WC8GK/G26x0yZj3HIBfMN6/AEyemmo=</latexit>
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1

<latexit sha1_base64="C/oZDOoknCQZ15yQ4IFjlJTT+5Q=">AAACC3icdVDNSgMxGMzWv1r/qh69BIvgacm21q4HoejFYwXXFtpasmm2DU12lyQrlKWv4NmrPoMn8epD+Ai+hdm2gkod+GCYmY/kGz/mTGmEPqzc0vLK6lp+vbCxubW9U9zdu1VRIgn1SMQj2fKxopyF1NNMc9qKJcXC57Tpjy4zv3lPpWJReKPHMe0KPAhZwAjWRrrr+CLtiOQc2Qg5k16xhGynVnXLCGakUimXM1I9Ra4LHZPJUAJzNHrFz04/IomgoSYcK9V2UKy7KZaaEU4nhU6iaIzJCA9o29AQC6q66fTXE3hklD4MImkm1HCq/txIsVBqLHyTFFgP1V8vExd6vlgktxMduN2UhXGiaUhm7wcJhzqCWTOwzyQlmo8NwUQycwIkQywx0aa/gunmuwD4P/HK9pntXJ+U6hfzkvLgAByCY+CAGqiDK9AAHiBAgkfwBJ6tB+vFerXeZtGcNd/ZB79gvX8BOH2a3g==</latexit><latexit sha1_base64="C/oZDOoknCQZ15yQ4IFjlJTT+5Q=">AAACC3icdVDNSgMxGMzWv1r/qh69BIvgacm21q4HoejFYwXXFtpasmm2DU12lyQrlKWv4NmrPoMn8epD+Ai+hdm2gkod+GCYmY/kGz/mTGmEPqzc0vLK6lp+vbCxubW9U9zdu1VRIgn1SMQj2fKxopyF1NNMc9qKJcXC57Tpjy4zv3lPpWJReKPHMe0KPAhZwAjWRrrr+CLtiOQc2Qg5k16xhGynVnXLCGakUimXM1I9Ra4LHZPJUAJzNHrFz04/IomgoSYcK9V2UKy7KZaaEU4nhU6iaIzJCA9o29AQC6q66fTXE3hklD4MImkm1HCq/txIsVBqLHyTFFgP1V8vExd6vlgktxMduN2UhXGiaUhm7wcJhzqCWTOwzyQlmo8NwUQycwIkQywx0aa/gunmuwD4P/HK9pntXJ+U6hfzkvLgAByCY+CAGqiDK9AAHiBAgkfwBJ6tB+vFerXeZtGcNd/ZB79gvX8BOH2a3g==</latexit><latexit sha1_base64="C/oZDOoknCQZ15yQ4IFjlJTT+5Q=">AAACC3icdVDNSgMxGMzWv1r/qh69BIvgacm21q4HoejFYwXXFtpasmm2DU12lyQrlKWv4NmrPoMn8epD+Ai+hdm2gkod+GCYmY/kGz/mTGmEPqzc0vLK6lp+vbCxubW9U9zdu1VRIgn1SMQj2fKxopyF1NNMc9qKJcXC57Tpjy4zv3lPpWJReKPHMe0KPAhZwAjWRrrr+CLtiOQc2Qg5k16xhGynVnXLCGakUimXM1I9Ra4LHZPJUAJzNHrFz04/IomgoSYcK9V2UKy7KZaaEU4nhU6iaIzJCA9o29AQC6q66fTXE3hklD4MImkm1HCq/txIsVBqLHyTFFgP1V8vExd6vlgktxMduN2UhXGiaUhm7wcJhzqCWTOwzyQlmo8NwUQycwIkQywx0aa/gunmuwD4P/HK9pntXJ+U6hfzkvLgAByCY+CAGqiDK9AAHiBAgkfwBJ6tB+vFerXeZtGcNd/ZB79gvX8BOH2a3g==</latexit><latexit sha1_base64="C/oZDOoknCQZ15yQ4IFjlJTT+5Q=">AAACC3icdVDNSgMxGMzWv1r/qh69BIvgacm21q4HoejFYwXXFtpasmm2DU12lyQrlKWv4NmrPoMn8epD+Ai+hdm2gkod+GCYmY/kGz/mTGmEPqzc0vLK6lp+vbCxubW9U9zdu1VRIgn1SMQj2fKxopyF1NNMc9qKJcXC57Tpjy4zv3lPpWJReKPHMe0KPAhZwAjWRrrr+CLtiOQc2Qg5k16xhGynVnXLCGakUimXM1I9Ra4LHZPJUAJzNHrFz04/IomgoSYcK9V2UKy7KZaaEU4nhU6iaIzJCA9o29AQC6q66fTXE3hklD4MImkm1HCq/txIsVBqLHyTFFgP1V8vExd6vlgktxMduN2UhXGiaUhm7wcJhzqCWTOwzyQlmo8NwUQycwIkQywx0aa/gunmuwD4P/HK9pntXJ+U6hfzkvLgAByCY+CAGqiDK9AAHiBAgkfwBJ6tB+vFerXeZtGcNd/ZB79gvX8BOH2a3g==</latexit>

µ
=
0.
1

<latexit sha1_base64="t1yztogW8yps11smLEzm/ag8hBc=">AAACCXicdVDLSsNAFJ34rPVVdelmsAiuQpJaGxdC0Y3LCsYWmlAm00k7dCYJMxOhhP6Ba7f6Da7ErV/hJ/gXTtoKKvXAMIdz7uXee8KUUaks68NYWl5ZXVsvbZQ3t7Z3dit7+3cyyQQmHk5YIjohkoTRmHiKKkY6qSCIh4y0w9FV4bfviZA0iW/VOCUBR4OYRhQjpSXfD3nu8+zCMu1Jr1LVX6PuOhYsSK3mOAWpn1muC23TmqIK5mj1Kp9+P8EZJ7HCDEnZta1UBTkSimJGJmU/kyRFeIQGpKtpjDiRQT7deQKPtdKHUSL0ixWcqj87csSlHPNQV3KkhvKvV4gLvZAvkruZitwgp3GaKRLj2fwoY1AlsMgF9qkgWLGxJggLqk+AeIgEwkqnV9bZfAcA/yeeY56b9s1ptXk5D6kEDsEROAE2aIAmuAYt4AEMUvAInsCz8WC8GK/G26x0yZj3HIBfMN6/AEyemmo=</latexit><latexit sha1_base64="t1yztogW8yps11smLEzm/ag8hBc=">AAACCXicdVDLSsNAFJ34rPVVdelmsAiuQpJaGxdC0Y3LCsYWmlAm00k7dCYJMxOhhP6Ba7f6Da7ErV/hJ/gXTtoKKvXAMIdz7uXee8KUUaks68NYWl5ZXVsvbZQ3t7Z3dit7+3cyyQQmHk5YIjohkoTRmHiKKkY6qSCIh4y0w9FV4bfviZA0iW/VOCUBR4OYRhQjpSXfD3nu8+zCMu1Jr1LVX6PuOhYsSK3mOAWpn1muC23TmqIK5mj1Kp9+P8EZJ7HCDEnZta1UBTkSimJGJmU/kyRFeIQGpKtpjDiRQT7deQKPtdKHUSL0ixWcqj87csSlHPNQV3KkhvKvV4gLvZAvkruZitwgp3GaKRLj2fwoY1AlsMgF9qkgWLGxJggLqk+AeIgEwkqnV9bZfAcA/yeeY56b9s1ptXk5D6kEDsEROAE2aIAmuAYt4AEMUvAInsCz8WC8GK/G26x0yZj3HIBfMN6/AEyemmo=</latexit><latexit sha1_base64="t1yztogW8yps11smLEzm/ag8hBc=">AAACCXicdVDLSsNAFJ34rPVVdelmsAiuQpJaGxdC0Y3LCsYWmlAm00k7dCYJMxOhhP6Ba7f6Da7ErV/hJ/gXTtoKKvXAMIdz7uXee8KUUaks68NYWl5ZXVsvbZQ3t7Z3dit7+3cyyQQmHk5YIjohkoTRmHiKKkY6qSCIh4y0w9FV4bfviZA0iW/VOCUBR4OYRhQjpSXfD3nu8+zCMu1Jr1LVX6PuOhYsSK3mOAWpn1muC23TmqIK5mj1Kp9+P8EZJ7HCDEnZta1UBTkSimJGJmU/kyRFeIQGpKtpjDiRQT7deQKPtdKHUSL0ixWcqj87csSlHPNQV3KkhvKvV4gLvZAvkruZitwgp3GaKRLj2fwoY1AlsMgF9qkgWLGxJggLqk+AeIgEwkqnV9bZfAcA/yeeY56b9s1ptXk5D6kEDsEROAE2aIAmuAYt4AEMUvAInsCz8WC8GK/G26x0yZj3HIBfMN6/AEyemmo=</latexit><latexit sha1_base64="t1yztogW8yps11smLEzm/ag8hBc=">AAACCXicdVDLSsNAFJ34rPVVdelmsAiuQpJaGxdC0Y3LCsYWmlAm00k7dCYJMxOhhP6Ba7f6Da7ErV/hJ/gXTtoKKvXAMIdz7uXee8KUUaks68NYWl5ZXVsvbZQ3t7Z3dit7+3cyyQQmHk5YIjohkoTRmHiKKkY6qSCIh4y0w9FV4bfviZA0iW/VOCUBR4OYRhQjpSXfD3nu8+zCMu1Jr1LVX6PuOhYsSK3mOAWpn1muC23TmqIK5mj1Kp9+P8EZJ7HCDEnZta1UBTkSimJGJmU/kyRFeIQGpKtpjDiRQT7deQKPtdKHUSL0ixWcqj87csSlHPNQV3KkhvKvV4gLvZAvkruZitwgp3GaKRLj2fwoY1AlsMgF9qkgWLGxJggLqk+AeIgEwkqnV9bZfAcA/yeeY56b9s1ptXk5D6kEDsEROAE2aIAmuAYt4AEMUvAInsCz8WC8GK/G26x0yZj3HIBfMN6/AEyemmo=</latexit>

fa
st 

gr
ow
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Weak dependence on metallicity (~μ1/2)

For mode angle                               tan ✓k = ws,z/ws,x
<latexit sha1_base64="6xEBXPBIWtXzuaVEBEnU2WgrL/k="></latexit><latexit sha1_base64="6xEBXPBIWtXzuaVEBEnU2WgrL/k="></latexit><latexit sha1_base64="6xEBXPBIWtXzuaVEBEnU2WgrL/k="></latexit><latexit sha1_base64="6xEBXPBIWtXzuaVEBEnU2WgrL/k="></latexit>

kres ! 1
<latexit sha1_base64="+ztURqb4lFwFvF8K7pliF2Esq24="></latexit><latexit sha1_base64="+ztURqb4lFwFvF8K7pliF2Esq24="></latexit><latexit sha1_base64="+ztURqb4lFwFvF8K7pliF2Esq24="></latexit><latexit sha1_base64="+ztURqb4lFwFvF8K7pliF2Esq24="></latexit>

This causes settling instability's 
growth rate to increase indefinitely! 

=(!) ⇡ ⌦(⌧sµkx⌘r)
1/3

<latexit sha1_base64="PZlggNmOdaA8UWHnl5eKca0LmpY="></latexit><latexit sha1_base64="PZlggNmOdaA8UWHnl5eKca0LmpY="></latexit><latexit sha1_base64="PZlggNmOdaA8UWHnl5eKca0LmpY="></latexit><latexit sha1_base64="PZlggNmOdaA8UWHnl5eKca0LmpY="></latexit>

"Double-resonant mode”

long wavelengths 

fa
st 

gr
ow

th

µ = 0.01
<latexit sha1_base64="XagzxDzaGYKfab+GmVAbnR8WRv0=">AAACBXicdVDLSgMxFM3UV62vqks3wSK4GpLaUrsQim5cVnBsoR1KJs20ocnMkGSEMnTv2q1+gytx63f4Cf6F6UNQqQdCDufcy733BIng2iD04eRWVtfWN/Kbha3tnd294v7BnY5TRZlHYxGrdkA0EzxinuFGsHaiGJGBYK1gdDX1W/dMaR5Ht2acMF+SQcRDTomxUrsr0wvkItwrluxXr9XxGURuGaFaFVtSwQhVyxC7aIYSWKDZK352+zFNJYsMFUTrDkaJ8TOiDKeCTQrdVLOE0BEZsI6lEZFM+9ls3wk8sUofhrGyLzJwpv7syIjUeiwDWymJGeq/3lRc6gVymdxJTXjuZzxKUsMiOp8fpgKaGE4zgX2uGDVibAmhitsTIB0SRaixyRVsNt8BwP+JV3brLr6plBqXi5Dy4Agcg1OAQQ00wDVoAg9QIMAjeALPzoPz4rw6b/PSnLPoOQS/4Lx/AXZpmEI=</latexit><latexit sha1_base64="XagzxDzaGYKfab+GmVAbnR8WRv0=">AAACBXicdVDLSgMxFM3UV62vqks3wSK4GpLaUrsQim5cVnBsoR1KJs20ocnMkGSEMnTv2q1+gytx63f4Cf6F6UNQqQdCDufcy733BIng2iD04eRWVtfWN/Kbha3tnd294v7BnY5TRZlHYxGrdkA0EzxinuFGsHaiGJGBYK1gdDX1W/dMaR5Ht2acMF+SQcRDTomxUrsr0wvkItwrluxXr9XxGURuGaFaFVtSwQhVyxC7aIYSWKDZK352+zFNJYsMFUTrDkaJ8TOiDKeCTQrdVLOE0BEZsI6lEZFM+9ls3wk8sUofhrGyLzJwpv7syIjUeiwDWymJGeq/3lRc6gVymdxJTXjuZzxKUsMiOp8fpgKaGE4zgX2uGDVibAmhitsTIB0SRaixyRVsNt8BwP+JV3brLr6plBqXi5Dy4Agcg1OAQQ00wDVoAg9QIMAjeALPzoPz4rw6b/PSnLPoOQS/4Lx/AXZpmEI=</latexit><latexit sha1_base64="XagzxDzaGYKfab+GmVAbnR8WRv0=">AAACBXicdVDLSgMxFM3UV62vqks3wSK4GpLaUrsQim5cVnBsoR1KJs20ocnMkGSEMnTv2q1+gytx63f4Cf6F6UNQqQdCDufcy733BIng2iD04eRWVtfWN/Kbha3tnd294v7BnY5TRZlHYxGrdkA0EzxinuFGsHaiGJGBYK1gdDX1W/dMaR5Ht2acMF+SQcRDTomxUrsr0wvkItwrluxXr9XxGURuGaFaFVtSwQhVyxC7aIYSWKDZK352+zFNJYsMFUTrDkaJ8TOiDKeCTQrdVLOE0BEZsI6lEZFM+9ls3wk8sUofhrGyLzJwpv7syIjUeiwDWymJGeq/3lRc6gVymdxJTXjuZzxKUsMiOp8fpgKaGE4zgX2uGDVibAmhitsTIB0SRaixyRVsNt8BwP+JV3brLr6plBqXi5Dy4Agcg1OAQQ00wDVoAg9QIMAjeALPzoPz4rw6b/PSnLPoOQS/4Lx/AXZpmEI=</latexit><latexit sha1_base64="XagzxDzaGYKfab+GmVAbnR8WRv0=">AAACBXicdVDLSgMxFM3UV62vqks3wSK4GpLaUrsQim5cVnBsoR1KJs20ocnMkGSEMnTv2q1+gytx63f4Cf6F6UNQqQdCDufcy733BIng2iD04eRWVtfWN/Kbha3tnd294v7BnY5TRZlHYxGrdkA0EzxinuFGsHaiGJGBYK1gdDX1W/dMaR5Ht2acMF+SQcRDTomxUrsr0wvkItwrluxXr9XxGURuGaFaFVtSwQhVyxC7aIYSWKDZK352+zFNJYsMFUTrDkaJ8TOiDKeCTQrdVLOE0BEZsI6lEZFM+9ls3wk8sUofhrGyLzJwpv7syIjUeiwDWymJGeq/3lRc6gVymdxJTXjuZzxKUsMiOp8fpgKaGE4zgX2uGDVibAmhitsTIB0SRaixyRVsNt8BwP+JV3brLr6plBqXi5Dy4Agcg1OAQQ00wDVoAg9QIMAjeALPzoPz4rw6b/PSnLPoOQS/4Lx/AXZpmEI=</latexit>

⌧s = 0.001
<latexit sha1_base64="pB9zoID8auNuPMsk1vvZrf3ikzU=">AAACC3icdVDNSgMxGMz6W+tf1aOXYBE8laS21B6EohePFVxbaNeSTbNtaLK7JFmhLH0Fz171GTyJVx/CR/AtzLYVVOpAyDAzH18yfiy4Ngh9OEvLK6tr67mN/ObW9s5uYW//VkeJosylkYhU2yeaCR4y13AjWDtWjEhfsJY/usz81j1TmkfhjRnHzJNkEPKAU2KsdNc1JOlpeA5RCSHcKxTtXa/V8akVygjVqtiSCkaoWobYRjIUwRzNXuGz249oIlloqCBadzCKjZcSZTgVbJLvJprFhI7IgHUsDYlk2kunr57AY6v0YRApe0IDp+rPiZRIrcfSt0lJzFD/9TJxoefLRXInMcGZl/IwTgwL6Wx/kAhoIpg1A/tcMWrE2BJCFbdfgHRIFKHG9pe33XwXAP8nbrlUL+HrSrFxMS8pBw7BETgBGNRAA1yBJnABBQo8gifw7Dw4L86r8zaLLjnzmQPwC877FxRcmig=</latexit><latexit sha1_base64="pB9zoID8auNuPMsk1vvZrf3ikzU=">AAACC3icdVDNSgMxGMz6W+tf1aOXYBE8laS21B6EohePFVxbaNeSTbNtaLK7JFmhLH0Fz171GTyJVx/CR/AtzLYVVOpAyDAzH18yfiy4Ngh9OEvLK6tr67mN/ObW9s5uYW//VkeJosylkYhU2yeaCR4y13AjWDtWjEhfsJY/usz81j1TmkfhjRnHzJNkEPKAU2KsdNc1JOlpeA5RCSHcKxTtXa/V8akVygjVqtiSCkaoWobYRjIUwRzNXuGz249oIlloqCBadzCKjZcSZTgVbJLvJprFhI7IgHUsDYlk2kunr57AY6v0YRApe0IDp+rPiZRIrcfSt0lJzFD/9TJxoefLRXInMcGZl/IwTgwL6Wx/kAhoIpg1A/tcMWrE2BJCFbdfgHRIFKHG9pe33XwXAP8nbrlUL+HrSrFxMS8pBw7BETgBGNRAA1yBJnABBQo8gifw7Dw4L86r8zaLLjnzmQPwC877FxRcmig=</latexit><latexit sha1_base64="pB9zoID8auNuPMsk1vvZrf3ikzU=">AAACC3icdVDNSgMxGMz6W+tf1aOXYBE8laS21B6EohePFVxbaNeSTbNtaLK7JFmhLH0Fz171GTyJVx/CR/AtzLYVVOpAyDAzH18yfiy4Ngh9OEvLK6tr67mN/ObW9s5uYW//VkeJosylkYhU2yeaCR4y13AjWDtWjEhfsJY/usz81j1TmkfhjRnHzJNkEPKAU2KsdNc1JOlpeA5RCSHcKxTtXa/V8akVygjVqtiSCkaoWobYRjIUwRzNXuGz249oIlloqCBadzCKjZcSZTgVbJLvJprFhI7IgHUsDYlk2kunr57AY6v0YRApe0IDp+rPiZRIrcfSt0lJzFD/9TJxoefLRXInMcGZl/IwTgwL6Wx/kAhoIpg1A/tcMWrE2BJCFbdfgHRIFKHG9pe33XwXAP8nbrlUL+HrSrFxMS8pBw7BETgBGNRAA1yBJnABBQo8gifw7Dw4L86r8zaLLjnzmQPwC877FxRcmig=</latexit><latexit sha1_base64="pB9zoID8auNuPMsk1vvZrf3ikzU=">AAACC3icdVDNSgMxGMz6W+tf1aOXYBE8laS21B6EohePFVxbaNeSTbNtaLK7JFmhLH0Fz171GTyJVx/CR/AtzLYVVOpAyDAzH18yfiy4Ngh9OEvLK6tr67mN/ObW9s5uYW//VkeJosylkYhU2yeaCR4y13AjWDtWjEhfsJY/usz81j1TmkfhjRnHzJNkEPKAU2KsdNc1JOlpeA5RCSHcKxTtXa/V8akVygjVqtiSCkaoWobYRjIUwRzNXuGz249oIlloqCBadzCKjZcSZTgVbJLvJprFhI7IgHUsDYlk2kunr57AY6v0YRApe0IDp+rPiZRIrcfSt0lJzFD/9TJxoefLRXInMcGZl/IwTgwL6Wx/kAhoIpg1A/tcMWrE2BJCFbdfgHRIFKHG9pe33XwXAP8nbrlUL+HrSrFxMS8pBw7BETgBGNRAA1yBJnABBQo8gifw7Dw4L86r8zaLLjnzmQPwC877FxRcmig=</latexit>

Growth rate

×××× ×× ×× ×× ××

�� ��� ���� ��� ��� ���

�����
�����

�����
�����

�����
�

double-re
sonant 

mode

Growth rate ≫Ω  
at small scales!

Likely damped by  
viscosity for τs≲10-3 
(in MMSN model)

x: radial  
y: azimuthal 
z: vertical

!gas = ±1

k

q
⌦2k2z +N2

BV k
2
x

<latexit sha1_base64="Bbe0ce+V+gai5QznNMxeiaD/++8="></latexit><latexit sha1_base64="Bbe0ce+V+gai5QznNMxeiaD/++8="></latexit><latexit sha1_base64="Bbe0ce+V+gai5QznNMxeiaD/++8="></latexit><latexit sha1_base64="Bbe0ce+V+gai5QznNMxeiaD/++8="></latexit>

Helps grain growth 
during settling?

Drążkowska & Dullemond (2014) 

see also Lambrechts+ (2016)

3) Match the dust frequency            to 
    gives "resonant wavenumber”   

k ·ws
<latexit sha1_base64="CV4pcJh5WQR9CtnL/W0iSzZEhxo=">AAACFHicdZBNS8MwHMZTX+d8q4onL8EheCrtNpy9Db14nGDdYC0jzdItLGlLkiqj7HN49qqfwZN49e5H8FuYbRVU5gOBH8/z/5PkCVNGpbLtD2NpeWV1bb20Ud7c2t7ZNff2b2WSCUw8nLBEdEIkCaMx8RRVjHRSQRAPGWmHo8tp3r4jQtIkvlHjlAQcDWIaUYyUtnrmoR/yfDTxcT9RMPfDCN5PerJnVmzLbbjuWRXOoVYroO5Cx7JnqoBCrZ756fcTnHESK8yQlF3HTlWQI6EoZmRS9jNJUoRHaEC6GmPEiQzy2fMn8EQ7fRglQp9YwZn7cyNHXMoxD/UkR2oo/2ZTc2EW8kV2N1PReZDTOM0UifH8/ihjUCVwWhHsU0GwYmMNCAuqvwDxEAmElS6yrLv5LgD+D17Vci3nul5pXhQllcAROAanwAEN0ARXoAU8gEEOHsETeDYejBfj1Xibjy4Zxc4B+CXj/Qsn+589</latexit><latexit sha1_base64="CV4pcJh5WQR9CtnL/W0iSzZEhxo=">AAACFHicdZBNS8MwHMZTX+d8q4onL8EheCrtNpy9Db14nGDdYC0jzdItLGlLkiqj7HN49qqfwZN49e5H8FuYbRVU5gOBH8/z/5PkCVNGpbLtD2NpeWV1bb20Ud7c2t7ZNff2b2WSCUw8nLBEdEIkCaMx8RRVjHRSQRAPGWmHo8tp3r4jQtIkvlHjlAQcDWIaUYyUtnrmoR/yfDTxcT9RMPfDCN5PerJnVmzLbbjuWRXOoVYroO5Cx7JnqoBCrZ756fcTnHESK8yQlF3HTlWQI6EoZmRS9jNJUoRHaEC6GmPEiQzy2fMn8EQ7fRglQp9YwZn7cyNHXMoxD/UkR2oo/2ZTc2EW8kV2N1PReZDTOM0UifH8/ihjUCVwWhHsU0GwYmMNCAuqvwDxEAmElS6yrLv5LgD+D17Vci3nul5pXhQllcAROAanwAEN0ARXoAU8gEEOHsETeDYejBfj1Xibjy4Zxc4B+CXj/Qsn+589</latexit><latexit sha1_base64="CV4pcJh5WQR9CtnL/W0iSzZEhxo=">AAACFHicdZBNS8MwHMZTX+d8q4onL8EheCrtNpy9Db14nGDdYC0jzdItLGlLkiqj7HN49qqfwZN49e5H8FuYbRVU5gOBH8/z/5PkCVNGpbLtD2NpeWV1bb20Ud7c2t7ZNff2b2WSCUw8nLBEdEIkCaMx8RRVjHRSQRAPGWmHo8tp3r4jQtIkvlHjlAQcDWIaUYyUtnrmoR/yfDTxcT9RMPfDCN5PerJnVmzLbbjuWRXOoVYroO5Cx7JnqoBCrZ756fcTnHESK8yQlF3HTlWQI6EoZmRS9jNJUoRHaEC6GmPEiQzy2fMn8EQ7fRglQp9YwZn7cyNHXMoxD/UkR2oo/2ZTc2EW8kV2N1PReZDTOM0UifH8/ihjUCVwWhHsU0GwYmMNCAuqvwDxEAmElS6yrLv5LgD+D17Vci3nul5pXhQllcAROAanwAEN0ARXoAU8gEEOHsETeDYejBfj1Xibjy4Zxc4B+CXj/Qsn+589</latexit><latexit sha1_base64="CV4pcJh5WQR9CtnL/W0iSzZEhxo=">AAACFHicdZBNS8MwHMZTX+d8q4onL8EheCrtNpy9Db14nGDdYC0jzdItLGlLkiqj7HN49qqfwZN49e5H8FuYbRVU5gOBH8/z/5PkCVNGpbLtD2NpeWV1bb20Ud7c2t7ZNff2b2WSCUw8nLBEdEIkCaMx8RRVjHRSQRAPGWmHo8tp3r4jQtIkvlHjlAQcDWIaUYyUtnrmoR/yfDTxcT9RMPfDCN5PerJnVmzLbbjuWRXOoVYroO5Cx7JnqoBCrZ756fcTnHESK8yQlF3HTlWQI6EoZmRS9jNJUoRHaEC6GmPEiQzy2fMn8EQ7fRglQp9YwZn7cyNHXMoxD/UkR2oo/2ZTc2EW8kV2N1PReZDTOM0UifH8/ihjUCVwWhHsU0GwYmMNCAuqvwDxEAmElS6yrLv5LgD+D17Vci3nul5pXhQllcAROAanwAEN0ARXoAU8gEEOHsETeDYejBfj1Xibjy4Zxc4B+CXj/Qsn+589</latexit>

!wave(k)
<latexit sha1_base64="5KMEvTUuqDOAl6C9T3hZCSDGLPU=">AAACHXicdVDLSgNBEJz1GeMr6lGQwSDES9g8MO4t6MVjBGMC2RBmJ51kyMzuMjMbCcve/BDPXvUbPIlX8RP8CycPQSUWNBRV3XR3eSFnStv2h7W0vLK6tp7aSG9ube/sZvb2b1UQSQp1GvBANj2igDMf6pppDs1QAhEeh4Y3vJz4jRFIxQL/Ro9DaAvS91mPUaKN1MkcuYGAPunEriB6IEV8R0aQJDnXE/EwOe1ksnbeqTjOWRHPSKk0J2UHF/L2FFk0R62T+XS7AY0E+JpyolSrYIe6HROpGeWQpN1IQUjokPShZahPBKh2PP0jwSdG6eJeIE35Gk/VnxMxEUqNhWc6J9eqv95EXOh5YpHcinTvvB0zP4w0+HS2vxdxrAM8yQp3mQSq+dgQQiUzL2A6IJJQbRJNm2y+A8D/k3ox7+QL1+Vs9WIeUgodomOUQwVUQVV0hWqojii6R4/oCT1bD9aL9Wq9zVqXrPnMAfoF6/0LKOejiQ==</latexit><latexit sha1_base64="5KMEvTUuqDOAl6C9T3hZCSDGLPU=">AAACHXicdVDLSgNBEJz1GeMr6lGQwSDES9g8MO4t6MVjBGMC2RBmJ51kyMzuMjMbCcve/BDPXvUbPIlX8RP8CycPQSUWNBRV3XR3eSFnStv2h7W0vLK6tp7aSG9ube/sZvb2b1UQSQp1GvBANj2igDMf6pppDs1QAhEeh4Y3vJz4jRFIxQL/Ro9DaAvS91mPUaKN1MkcuYGAPunEriB6IEV8R0aQJDnXE/EwOe1ksnbeqTjOWRHPSKk0J2UHF/L2FFk0R62T+XS7AY0E+JpyolSrYIe6HROpGeWQpN1IQUjokPShZahPBKh2PP0jwSdG6eJeIE35Gk/VnxMxEUqNhWc6J9eqv95EXOh5YpHcinTvvB0zP4w0+HS2vxdxrAM8yQp3mQSq+dgQQiUzL2A6IJJQbRJNm2y+A8D/k3ox7+QL1+Vs9WIeUgodomOUQwVUQVV0hWqojii6R4/oCT1bD9aL9Wq9zVqXrPnMAfoF6/0LKOejiQ==</latexit><latexit sha1_base64="5KMEvTUuqDOAl6C9T3hZCSDGLPU=">AAACHXicdVDLSgNBEJz1GeMr6lGQwSDES9g8MO4t6MVjBGMC2RBmJ51kyMzuMjMbCcve/BDPXvUbPIlX8RP8CycPQSUWNBRV3XR3eSFnStv2h7W0vLK6tp7aSG9ube/sZvb2b1UQSQp1GvBANj2igDMf6pppDs1QAhEeh4Y3vJz4jRFIxQL/Ro9DaAvS91mPUaKN1MkcuYGAPunEriB6IEV8R0aQJDnXE/EwOe1ksnbeqTjOWRHPSKk0J2UHF/L2FFk0R62T+XS7AY0E+JpyolSrYIe6HROpGeWQpN1IQUjokPShZahPBKh2PP0jwSdG6eJeIE35Gk/VnxMxEUqNhWc6J9eqv95EXOh5YpHcinTvvB0zP4w0+HS2vxdxrAM8yQp3mQSq+dgQQiUzL2A6IJJQbRJNm2y+A8D/k3ox7+QL1+Vs9WIeUgodomOUQwVUQVV0hWqojii6R4/oCT1bD9aL9Wq9zVqXrPnMAfoF6/0LKOejiQ==</latexit><latexit sha1_base64="5KMEvTUuqDOAl6C9T3hZCSDGLPU=">AAACHXicdVDLSgNBEJz1GeMr6lGQwSDES9g8MO4t6MVjBGMC2RBmJ51kyMzuMjMbCcve/BDPXvUbPIlX8RP8CycPQSUWNBRV3XR3eSFnStv2h7W0vLK6tp7aSG9ube/sZvb2b1UQSQp1GvBANj2igDMf6pppDs1QAhEeh4Y3vJz4jRFIxQL/Ro9DaAvS91mPUaKN1MkcuYGAPunEriB6IEV8R0aQJDnXE/EwOe1ksnbeqTjOWRHPSKk0J2UHF/L2FFk0R62T+XS7AY0E+JpyolSrYIe6HROpGeWQpN1IQUjokPShZahPBKh2PP0jwSdG6eJeIE35Gk/VnxMxEUqNhWc6J9eqv95EXOh5YpHcinTvvB0zP4w0+HS2vxdxrAM8yQp3mQSq+dgQQiUzL2A6IJJQbRJNm2y+A8D/k3ox7+QL1+Vs9WIeUgodomOUQwVUQVV0hWqojii6R4/oCT1bD9aL9Wq9zVqXrPnMAfoF6/0LKOejiQ==</latexit>

kres
<latexit sha1_base64="uHj0R89xY2Dku5q3f2fNJbxsDQQ=">AAACCHicdZDLSgMxGIUz9VbrrerSTbAIroaZtmC7K7pxWcGxhXYomTTThuYyJBmhDH0C1271GVyJW9/CR/AtTKcVVOqBwMc5/0+SEyWMauN5H05hbX1jc6u4XdrZ3ds/KB8e3WmZKkwCLJlU3QhpwqgggaGGkW6iCOIRI51ocjXPO/dEaSrFrZkmJORoJGhMMTLW6k0GWV9xqIieDcoVz23WG7VqDeZQbdYXUPN96LtergpYqj0of/aHEqecCIMZ0rrne4kJM6QMxYzMSv1UkwThCRqRnkWBONFhlj95Bs+sM4SxVPYIA3P350aGuNZTHtlJjsxY/83m5sos4qvsXmriRphRkaSGCLy4P04ZNBLOa4FDqgg2bGoBYUXtFyAeI4WwseWVbDffBcD/Iai6Tde/qVdal8uSiuAEnIJz4IML0ALXoA0CgIEEj+AJPDsPzovz6rwtRgvOcucY/JLz/gWjlJqw</latexit><latexit sha1_base64="uHj0R89xY2Dku5q3f2fNJbxsDQQ=">AAACCHicdZDLSgMxGIUz9VbrrerSTbAIroaZtmC7K7pxWcGxhXYomTTThuYyJBmhDH0C1271GVyJW9/CR/AtTKcVVOqBwMc5/0+SEyWMauN5H05hbX1jc6u4XdrZ3ds/KB8e3WmZKkwCLJlU3QhpwqgggaGGkW6iCOIRI51ocjXPO/dEaSrFrZkmJORoJGhMMTLW6k0GWV9xqIieDcoVz23WG7VqDeZQbdYXUPN96LtergpYqj0of/aHEqecCIMZ0rrne4kJM6QMxYzMSv1UkwThCRqRnkWBONFhlj95Bs+sM4SxVPYIA3P350aGuNZTHtlJjsxY/83m5sos4qvsXmriRphRkaSGCLy4P04ZNBLOa4FDqgg2bGoBYUXtFyAeI4WwseWVbDffBcD/Iai6Tde/qVdal8uSiuAEnIJz4IML0ALXoA0CgIEEj+AJPDsPzovz6rwtRgvOcucY/JLz/gWjlJqw</latexit><latexit sha1_base64="uHj0R89xY2Dku5q3f2fNJbxsDQQ=">AAACCHicdZDLSgMxGIUz9VbrrerSTbAIroaZtmC7K7pxWcGxhXYomTTThuYyJBmhDH0C1271GVyJW9/CR/AtTKcVVOqBwMc5/0+SEyWMauN5H05hbX1jc6u4XdrZ3ds/KB8e3WmZKkwCLJlU3QhpwqgggaGGkW6iCOIRI51ocjXPO/dEaSrFrZkmJORoJGhMMTLW6k0GWV9xqIieDcoVz23WG7VqDeZQbdYXUPN96LtergpYqj0of/aHEqecCIMZ0rrne4kJM6QMxYzMSv1UkwThCRqRnkWBONFhlj95Bs+sM4SxVPYIA3P350aGuNZTHtlJjsxY/83m5sos4qvsXmriRphRkaSGCLy4P04ZNBLOa4FDqgg2bGoBYUXtFyAeI4WwseWVbDffBcD/Iai6Tde/qVdal8uSiuAEnIJz4IML0ALXoA0CgIEEj+AJPDsPzovz6rwtRgvOcucY/JLz/gWjlJqw</latexit><latexit sha1_base64="uHj0R89xY2Dku5q3f2fNJbxsDQQ=">AAACCHicdZDLSgMxGIUz9VbrrerSTbAIroaZtmC7K7pxWcGxhXYomTTThuYyJBmhDH0C1271GVyJW9/CR/AtTKcVVOqBwMc5/0+SEyWMauN5H05hbX1jc6u4XdrZ3ds/KB8e3WmZKkwCLJlU3QhpwqgggaGGkW6iCOIRI51ocjXPO/dEaSrFrZkmJORoJGhMMTLW6k0GWV9xqIieDcoVz23WG7VqDeZQbdYXUPN96LtergpYqj0of/aHEqecCIMZ0rrne4kJM6QMxYzMSv1UkwThCRqRnkWBONFhlj95Bs+sM4SxVPYIA3P350aGuNZTHtlJjsxY/83m5sos4qvsXmriRphRkaSGCLy4P04ZNBLOa4FDqgg2bGoBYUXtFyAeI4WwseWVbDffBcD/Iai6Tde/qVdal8uSiuAEnIJz4IML0ALXoA0CgIEEj+AJPDsPzovz6rwtRgvOcucY/JLz/gWjlJqw</latexit>

(Chiang & Youdin 2010)

⌧s = tstop⌦
<latexit sha1_base64="L6aXF6mtY/9jWlsvjwbLjWKm2qI=">AAACG3icbZDNSsNAFIUn/tb6F3Wpi8EiuCqJCOpCKLpxZwVjC00Jk+mkHTqThJkboYRufBDXbvUZXIlbFz6Cb+G0zULbHhg4nHMvw/3CVHANjvNtLSwuLa+sltbK6xubW9v2zu6DTjJFmUcTkahmSDQTPGYecBCsmSpGZChYI+xfj/rGI1OaJ/E9DFLWlqQb84hTAiYK7AMfSBZofIkhyH0lsYYkHWL/VrIuCeyKU3XGwrPGLUwFFaoH9o/fSWgmWQxUEK1brpNCOycKOBVsWPYzzVJC+6TLWsbGRDLdzsdXDPGRSTo4SpR5MeBx+ncjJ1LrgQzNpCTQ09PdKJzbhXJe3MogOm/nPE4zYDGd/B9lAkOCR6RwhytGQQyMIVRxcwKmPaIIBcOzbNi40yRmjXdSvai6d6eV2lUBqYT20SE6Ri46QzV0g+rIQxQ9oRf0it6sZ+vd+rA+J6MLVrGzh/7J+voF5jyhDw==</latexit><latexit sha1_base64="L6aXF6mtY/9jWlsvjwbLjWKm2qI=">AAACG3icbZDNSsNAFIUn/tb6F3Wpi8EiuCqJCOpCKLpxZwVjC00Jk+mkHTqThJkboYRufBDXbvUZXIlbFz6Cb+G0zULbHhg4nHMvw/3CVHANjvNtLSwuLa+sltbK6xubW9v2zu6DTjJFmUcTkahmSDQTPGYecBCsmSpGZChYI+xfj/rGI1OaJ/E9DFLWlqQb84hTAiYK7AMfSBZofIkhyH0lsYYkHWL/VrIuCeyKU3XGwrPGLUwFFaoH9o/fSWgmWQxUEK1brpNCOycKOBVsWPYzzVJC+6TLWsbGRDLdzsdXDPGRSTo4SpR5MeBx+ncjJ1LrgQzNpCTQ09PdKJzbhXJe3MogOm/nPE4zYDGd/B9lAkOCR6RwhytGQQyMIVRxcwKmPaIIBcOzbNi40yRmjXdSvai6d6eV2lUBqYT20SE6Ri46QzV0g+rIQxQ9oRf0it6sZ+vd+rA+J6MLVrGzh/7J+voF5jyhDw==</latexit><latexit sha1_base64="L6aXF6mtY/9jWlsvjwbLjWKm2qI=">AAACG3icbZDNSsNAFIUn/tb6F3Wpi8EiuCqJCOpCKLpxZwVjC00Jk+mkHTqThJkboYRufBDXbvUZXIlbFz6Cb+G0zULbHhg4nHMvw/3CVHANjvNtLSwuLa+sltbK6xubW9v2zu6DTjJFmUcTkahmSDQTPGYecBCsmSpGZChYI+xfj/rGI1OaJ/E9DFLWlqQb84hTAiYK7AMfSBZofIkhyH0lsYYkHWL/VrIuCeyKU3XGwrPGLUwFFaoH9o/fSWgmWQxUEK1brpNCOycKOBVsWPYzzVJC+6TLWsbGRDLdzsdXDPGRSTo4SpR5MeBx+ncjJ1LrgQzNpCTQ09PdKJzbhXJe3MogOm/nPE4zYDGd/B9lAkOCR6RwhytGQQyMIVRxcwKmPaIIBcOzbNi40yRmjXdSvai6d6eV2lUBqYT20SE6Ri46QzV0g+rIQxQ9oRf0it6sZ+vd+rA+J6MLVrGzh/7J+voF5jyhDw==</latexit><latexit sha1_base64="L6aXF6mtY/9jWlsvjwbLjWKm2qI=">AAACG3icbZDNSsNAFIUn/tb6F3Wpi8EiuCqJCOpCKLpxZwVjC00Jk+mkHTqThJkboYRufBDXbvUZXIlbFz6Cb+G0zULbHhg4nHMvw/3CVHANjvNtLSwuLa+sltbK6xubW9v2zu6DTjJFmUcTkahmSDQTPGYecBCsmSpGZChYI+xfj/rGI1OaJ/E9DFLWlqQb84hTAiYK7AMfSBZofIkhyH0lsYYkHWL/VrIuCeyKU3XGwrPGLUwFFaoH9o/fSWgmWQxUEK1brpNCOycKOBVsWPYzzVJC+6TLWsbGRDLdzsdXDPGRSTo4SpR5MeBx+ncjJ1LrgQzNpCTQ09PdKJzbhXJe3MogOm/nPE4zYDGd/B9lAkOCR6RwhytGQQyMIVRxcwKmPaIIBcOzbNi40yRmjXdSvai6d6eV2lUBqYT20SE6Ri46QzV0g+rIQxQ9oRf0it6sZ+vd+rA+J6MLVrGzh/7J+voF5jyhDw==</latexit>


