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Outline	
•  Motivation 

•  Duration of classicality  

•  Method to calculate duration of classicality in quantum field theory 

•  Application of method 

o  Self-gravitating homogeneous field 

o  Inhomogeneous field with repulsive contact interactions 

•  Conclusions 
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Axion Dark Matter Production	
•  Non perturbative QCD effects ‘turn on’ the axion mass 

•  Vacuum realignment  
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<latexit sha1_base64="/xKtf4ggonXi2SBp0EVFEmMypjU=">AAAB63icdVDLSgMxFM34rPVVdekmWIS6GTJtbZ1dwY3LCvYB7VAyadqGJpkhyQhl6C+4caGIW3/InX9jpq2gogcuHM65l3vvCWPOtEHow1lb39jc2s7t5Hf39g8OC0fHbR0litAWiXikuiHWlDNJW4YZTruxoliEnHbC6XXmd+6p0iySd2YW00DgsWQjRrDJpHYJXwwKReSWq3VUqUDkVj3fv8xIreb7FQ96LlqgCFZoDgrv/WFEEkGlIRxr3fNQbIIUK8MIp/N8P9E0xmSKx7RnqcSC6iBd3DqH51YZwlGkbEkDF+r3iRQLrWcitJ0Cm4n+7WXiX14vMaOrIGUyTgyVZLlolHBoIpg9DodMUWL4zBJMFLO3QjLBChNj48nbEL4+hf+Tdtn1kOvdVouN2iqOHDgFZ6AEPFAHDXADmqAFCJiAB/AEnh3hPDovzuuydc1ZzZyAH3DePgGme43y</latexit><latexit sha1_base64="/xKtf4ggonXi2SBp0EVFEmMypjU=">AAAB63icdVDLSgMxFM34rPVVdekmWIS6GTJtbZ1dwY3LCvYB7VAyadqGJpkhyQhl6C+4caGIW3/InX9jpq2gogcuHM65l3vvCWPOtEHow1lb39jc2s7t5Hf39g8OC0fHbR0litAWiXikuiHWlDNJW4YZTruxoliEnHbC6XXmd+6p0iySd2YW00DgsWQjRrDJpHYJXwwKReSWq3VUqUDkVj3fv8xIreb7FQ96LlqgCFZoDgrv/WFEEkGlIRxr3fNQbIIUK8MIp/N8P9E0xmSKx7RnqcSC6iBd3DqH51YZwlGkbEkDF+r3iRQLrWcitJ0Cm4n+7WXiX14vMaOrIGUyTgyVZLlolHBoIpg9DodMUWL4zBJMFLO3QjLBChNj48nbEL4+hf+Tdtn1kOvdVouN2iqOHDgFZ6AEPFAHDXADmqAFCJiAB/AEnh3hPDovzuuydc1ZzZyAH3DePgGme43y</latexit><latexit sha1_base64="/xKtf4ggonXi2SBp0EVFEmMypjU=">AAAB63icdVDLSgMxFM34rPVVdekmWIS6GTJtbZ1dwY3LCvYB7VAyadqGJpkhyQhl6C+4caGIW3/InX9jpq2gogcuHM65l3vvCWPOtEHow1lb39jc2s7t5Hf39g8OC0fHbR0litAWiXikuiHWlDNJW4YZTruxoliEnHbC6XXmd+6p0iySd2YW00DgsWQjRrDJpHYJXwwKReSWq3VUqUDkVj3fv8xIreb7FQ96LlqgCFZoDgrv/WFEEkGlIRxr3fNQbIIUK8MIp/N8P9E0xmSKx7RnqcSC6iBd3DqH51YZwlGkbEkDF+r3iRQLrWcitJ0Cm4n+7WXiX14vMaOrIGUyTgyVZLlolHBoIpg9DodMUWL4zBJMFLO3QjLBChNj48nbEL4+hf+Tdtn1kOvdVouN2iqOHDgFZ6AEPFAHDXADmqAFCJiAB/AEnh3hPDovzuuydc1ZzZyAH3DePgGme43y</latexit><latexit sha1_base64="/xKtf4ggonXi2SBp0EVFEmMypjU=">AAAB63icdVDLSgMxFM34rPVVdekmWIS6GTJtbZ1dwY3LCvYB7VAyadqGJpkhyQhl6C+4caGIW3/InX9jpq2gogcuHM65l3vvCWPOtEHow1lb39jc2s7t5Hf39g8OC0fHbR0litAWiXikuiHWlDNJW4YZTruxoliEnHbC6XXmd+6p0iySd2YW00DgsWQjRrDJpHYJXwwKReSWq3VUqUDkVj3fv8xIreb7FQ96LlqgCFZoDgrv/WFEEkGlIRxr3fNQbIIUK8MIp/N8P9E0xmSKx7RnqcSC6iBd3DqH51YZwlGkbEkDF+r3iRQLrWcitJ0Cm4n+7WXiX14vMaOrIGUyTgyVZLlolHBoIpg9DodMUWL4zBJMFLO3QjLBChNj48nbEL4+hf+Tdtn1kOvdVouN2iqOHDgFZ6AEPFAHDXADmqAFCJiAB/AEnh3hPDovzuuydc1ZzZyAH3DePgGme43y</latexit>

T  1 GeV
<latexit sha1_base64="tYHC6UPzOERazXeQJKuUNCnamQU=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCq2FGirosuNBlhb6gU0omvdOGJjNDkhHqUP0VNy4Ucet/uPNvzLQVfB4IOZxzLzk5QcKZ0q77bhUWFpeWV4qrpbX1jc0te3unqeJUUmjQmMeyHRAFnEXQ0ExzaCcSiAg4tILRee63rkEqFkd1PU6gK8ggYiGjRBupZ+/Vsc8Be7e+IHooRXYBzUnPLrtOxc2BfxPPmd5uGc1R69lvfj+mqYBIU06U6nhuorsZkZpRDpOSnypICB2RAXQMjYgA1c2m6Sf40Ch9HMbSnEjjqfp1IyNCqbEIzGSeUf30cvEvr5Pq8KybsShJNUR09lCYcqxjnFeB+0wC1XxsCKGSmayYDokkVJvCSqaEz5/i/0nz2PFcx7uqlKsn8zqKaB8doCPkoVNURZeohhqIoht0jx7Rk3VnPVjP1ststGDNd3bRN1ivH8mGlMI=</latexit><latexit sha1_base64="tYHC6UPzOERazXeQJKuUNCnamQU=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCq2FGirosuNBlhb6gU0omvdOGJjNDkhHqUP0VNy4Ucet/uPNvzLQVfB4IOZxzLzk5QcKZ0q77bhUWFpeWV4qrpbX1jc0te3unqeJUUmjQmMeyHRAFnEXQ0ExzaCcSiAg4tILRee63rkEqFkd1PU6gK8ggYiGjRBupZ+/Vsc8Be7e+IHooRXYBzUnPLrtOxc2BfxPPmd5uGc1R69lvfj+mqYBIU06U6nhuorsZkZpRDpOSnypICB2RAXQMjYgA1c2m6Sf40Ch9HMbSnEjjqfp1IyNCqbEIzGSeUf30cvEvr5Pq8KybsShJNUR09lCYcqxjnFeB+0wC1XxsCKGSmayYDokkVJvCSqaEz5/i/0nz2PFcx7uqlKsn8zqKaB8doCPkoVNURZeohhqIoht0jx7Rk3VnPVjP1ststGDNd3bRN1ivH8mGlMI=</latexit><latexit sha1_base64="tYHC6UPzOERazXeQJKuUNCnamQU=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCq2FGirosuNBlhb6gU0omvdOGJjNDkhHqUP0VNy4Ucet/uPNvzLQVfB4IOZxzLzk5QcKZ0q77bhUWFpeWV4qrpbX1jc0te3unqeJUUmjQmMeyHRAFnEXQ0ExzaCcSiAg4tILRee63rkEqFkd1PU6gK8ggYiGjRBupZ+/Vsc8Be7e+IHooRXYBzUnPLrtOxc2BfxPPmd5uGc1R69lvfj+mqYBIU06U6nhuorsZkZpRDpOSnypICB2RAXQMjYgA1c2m6Sf40Ch9HMbSnEjjqfp1IyNCqbEIzGSeUf30cvEvr5Pq8KybsShJNUR09lCYcqxjnFeB+0wC1XxsCKGSmayYDokkVJvCSqaEz5/i/0nz2PFcx7uqlKsn8zqKaB8doCPkoVNURZeohhqIoht0jx7Rk3VnPVjP1ststGDNd3bRN1ivH8mGlMI=</latexit><latexit sha1_base64="tYHC6UPzOERazXeQJKuUNCnamQU=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCq2FGirosuNBlhb6gU0omvdOGJjNDkhHqUP0VNy4Ucet/uPNvzLQVfB4IOZxzLzk5QcKZ0q77bhUWFpeWV4qrpbX1jc0te3unqeJUUmjQmMeyHRAFnEXQ0ExzaCcSiAg4tILRee63rkEqFkd1PU6gK8ggYiGjRBupZ+/Vsc8Be7e+IHooRXYBzUnPLrtOxc2BfxPPmd5uGc1R69lvfj+mqYBIU06U6nhuorsZkZpRDpOSnypICB2RAXQMjYgA1c2m6Sf40Ch9HMbSnEjjqfp1IyNCqbEIzGSeUf30cvEvr5Pq8KybsShJNUR09lCYcqxjnFeB+0wC1XxsCKGSmayYDokkVJvCSqaEz5/i/0nz2PFcx7uqlKsn8zqKaB8doCPkoVNURZeohhqIoht0jx7Rk3VnPVjP1ststGDNd3bRN1ivH8mGlMI=</latexit>

�p(t) = t�1
1

✓
R(t1)

R(t)

◆

<latexit sha1_base64="oqE9bbomjdEpSRRxpoyKLEg2v6A="></latexit>

t1 ' 10�7 s

✓
fa

1012GeV

◆1/3

<latexit sha1_base64="o9ZRgthMlUCk7l4tTMZto6IRgNM="></latexit>

N ⇠ (2⇡)3na
4⇡
3 (�p)3

⇠ 1060
✓

fa
1012 GeV

◆8/3

<latexit sha1_base64="AUGP/Qs7rqVsEoKiAyEOoqjMXz8="></latexit>

na(t) =
f2
a

2t1

✓
R(t1)

R(t)

◆3

<latexit sha1_base64="2K/PuIi5PfC9Hq28jKpvgVNYgzg="></latexit>



Axion Dark Matter	

4 

•  Axions from vacuum realignment 

                              

          classical field theory 

•  Is this true in the presence of interactions? For how long? 

•  Axion interactions 

o  Quartic self-interactions 

o  Gravitational self-interactions 

o  Number changing interactions 

•  Are these important? Relaxation rate vs. Hubble rate 

Va ' � a4
<latexit sha1_base64="76M84gG4PxMnoQNqcsz7v4bWh9I=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4CokUtRlwY3LCvYBTQw3k0k7dPJwZiKU0I2/4saFIm79DHf+jZO2gs8DwxzOuYeZe4KMM6ls+92oLCwuLa9UV2tr6xubW+b2TkemuSC0TVKeil4AknKW0LZiitNeJijEAafdYHRe+t1bKiRLkys1zqgXwyBhESOgtOSbex0fsCtZTG+wy3UuBBfDdcM367bVsEvg38SxprddR3O0fPPNDVOSxzRRhIOUfcfOlFeAUIxwOqm5uaQZkBEMaF/TBGIqvWK6wAQfaiXEUSr0SRSeql8TBcRSjuNAT8aghvKnV4p/ef1cRWdewZIsVzQhs4einGOV4rINHDJBieJjTYAIpv+KyRAEEKU7q+kSPjfF/5POseXYlnPZqDdP5nVU0T46QEfIQaeoiS5QC7URQRN0jx7Rk3FnPBjPxststGLMM7voG4zXD1p8lY4=</latexit><latexit sha1_base64="76M84gG4PxMnoQNqcsz7v4bWh9I=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4CokUtRlwY3LCvYBTQw3k0k7dPJwZiKU0I2/4saFIm79DHf+jZO2gs8DwxzOuYeZe4KMM6ls+92oLCwuLa9UV2tr6xubW+b2TkemuSC0TVKeil4AknKW0LZiitNeJijEAafdYHRe+t1bKiRLkys1zqgXwyBhESOgtOSbex0fsCtZTG+wy3UuBBfDdcM367bVsEvg38SxprddR3O0fPPNDVOSxzRRhIOUfcfOlFeAUIxwOqm5uaQZkBEMaF/TBGIqvWK6wAQfaiXEUSr0SRSeql8TBcRSjuNAT8aghvKnV4p/ef1cRWdewZIsVzQhs4einGOV4rINHDJBieJjTYAIpv+KyRAEEKU7q+kSPjfF/5POseXYlnPZqDdP5nVU0T46QEfIQaeoiS5QC7URQRN0jx7Rk3FnPBjPxststGLMM7voG4zXD1p8lY4=</latexit><latexit sha1_base64="76M84gG4PxMnoQNqcsz7v4bWh9I=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4CokUtRlwY3LCvYBTQw3k0k7dPJwZiKU0I2/4saFIm79DHf+jZO2gs8DwxzOuYeZe4KMM6ls+92oLCwuLa9UV2tr6xubW+b2TkemuSC0TVKeil4AknKW0LZiitNeJijEAafdYHRe+t1bKiRLkys1zqgXwyBhESOgtOSbex0fsCtZTG+wy3UuBBfDdcM367bVsEvg38SxprddR3O0fPPNDVOSxzRRhIOUfcfOlFeAUIxwOqm5uaQZkBEMaF/TBGIqvWK6wAQfaiXEUSr0SRSeql8TBcRSjuNAT8aghvKnV4p/ef1cRWdewZIsVzQhs4einGOV4rINHDJBieJjTYAIpv+KyRAEEKU7q+kSPjfF/5POseXYlnPZqDdP5nVU0T46QEfIQaeoiS5QC7URQRN0jx7Rk3FnPBjPxststGLMM7voG4zXD1p8lY4=</latexit><latexit sha1_base64="76M84gG4PxMnoQNqcsz7v4bWh9I=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4CokUtRlwY3LCvYBTQw3k0k7dPJwZiKU0I2/4saFIm79DHf+jZO2gs8DwxzOuYeZe4KMM6ls+92oLCwuLa9UV2tr6xubW+b2TkemuSC0TVKeil4AknKW0LZiitNeJijEAafdYHRe+t1bKiRLkys1zqgXwyBhESOgtOSbex0fsCtZTG+wy3UuBBfDdcM367bVsEvg38SxprddR3O0fPPNDVOSxzRRhIOUfcfOlFeAUIxwOqm5uaQZkBEMaF/TBGIqvWK6wAQfaiXEUSr0SRSeql8TBcRSjuNAT8aghvKnV4p/ef1cRWdewZIsVzQhs4einGOV4rINHDJBieJjTYAIpv+KyRAEEKU7q+kSPjfF/5POseXYlnPZqDdP5nVU0T46QEfIQaeoiS5QC7URQRN0jx7Rk3FnPBjPxststGLMM7voG4zXD1p8lY4=</latexit>

•  Number changing interactions (e.g.                   ) happen in vacuum 

every 

N ⇠ 1060
?)

<latexit sha1_base64="WT5o/tQ6aWnw4hS684fiPeTnMi8=">AAACGnicdVDLSgMxFM34rPU16tJNsAiuSkZLdWfBjSupYh/QqSWTpm1o5kFyRynDfIcbf8WNC0XciRv/xkxbweeFkMM593LvOV4khQZC3q2Z2bn5hcXcUn55ZXVt3d7YrOswVozXWChD1fSo5lIEvAYCJG9GilPfk7zhDU8yvXHNlRZhcAmjiLd92g9ETzAKhurYjutTGDAqk7PU1cLHDrlKyiTFrgbKhorL5DhN3AvRHwBVKrxJO3aBFEskK/wbOMXxTwpoWtWO/ep2Qxb7PAAmqdYth0TQTqgCwSRP826seWR20T5vGRhQn+t2MraW4l3DdHEvVOYFgMfs14mE+lqPfM90Zkb0Ty0j/9JaMfSO2okIohh4wCaLerHEEOIsJ9wVijOQIwMoU8LcitmAKsrApJk3IXw6xf+D+n7ROSiS81KhUp7GkUPbaAftIQcdogo6RVVUQwzdonv0iJ6sO+vBerZeJq0z1nRmC30r6+0DD++hfg==</latexit>

�(t)
?
> H(t)

<latexit sha1_base64="QQ7gOKsw/x5Tlrs6Xdi+yDHmW6g=">AAACBnicdVDLSgMxFM34rPU16lKEYBHqpsxIUVdacGGXFewDOkPJpGkbmswMyR2hDF258VfcuFDErd/gzr8x01bweSDkcM693HtPEAuuwXHerbn5hcWl5dxKfnVtfWPT3tpu6ChRlNVpJCLVCohmgoesDhwEa8WKERkI1gyGF5nfvGFK8yi8hlHMfEn6Ie9xSsBIHXvPuyRSkiIcehoIHSom0vNxejbGVaN17IJTKjsZ8G/ilia/U0Az1Dr2m9eNaCJZCFQQrduuE4OfEgWcCjbOe4lmsRlD+qxtaEgk0346OWOMD4zSxb1ImRcCnqhfO1IitR7JwFRKAgP908vEv7x2Ar1TP+VhnAAL6XRQLxEYIpxlgrtcMQpiZAihiptdMR0QRSiY5PImhM9L8f+kcVRynZJ7VS5Ujmdx5NAu2kdF5KITVEFVVEN1RNEtukeP6Mm6sx6sZ+tlWjpnzXp20DdYrx//aZgg</latexit><latexit sha1_base64="QQ7gOKsw/x5Tlrs6Xdi+yDHmW6g=">AAACBnicdVDLSgMxFM34rPU16lKEYBHqpsxIUVdacGGXFewDOkPJpGkbmswMyR2hDF258VfcuFDErd/gzr8x01bweSDkcM693HtPEAuuwXHerbn5hcWl5dxKfnVtfWPT3tpu6ChRlNVpJCLVCohmgoesDhwEa8WKERkI1gyGF5nfvGFK8yi8hlHMfEn6Ie9xSsBIHXvPuyRSkiIcehoIHSom0vNxejbGVaN17IJTKjsZ8G/ilia/U0Az1Dr2m9eNaCJZCFQQrduuE4OfEgWcCjbOe4lmsRlD+qxtaEgk0346OWOMD4zSxb1ImRcCnqhfO1IitR7JwFRKAgP908vEv7x2Ar1TP+VhnAAL6XRQLxEYIpxlgrtcMQpiZAihiptdMR0QRSiY5PImhM9L8f+kcVRynZJ7VS5Ujmdx5NAu2kdF5KITVEFVVEN1RNEtukeP6Mm6sx6sZ+tlWjpnzXp20DdYrx//aZgg</latexit><latexit sha1_base64="QQ7gOKsw/x5Tlrs6Xdi+yDHmW6g=">AAACBnicdVDLSgMxFM34rPU16lKEYBHqpsxIUVdacGGXFewDOkPJpGkbmswMyR2hDF258VfcuFDErd/gzr8x01bweSDkcM693HtPEAuuwXHerbn5hcWl5dxKfnVtfWPT3tpu6ChRlNVpJCLVCohmgoesDhwEa8WKERkI1gyGF5nfvGFK8yi8hlHMfEn6Ie9xSsBIHXvPuyRSkiIcehoIHSom0vNxejbGVaN17IJTKjsZ8G/ilia/U0Az1Dr2m9eNaCJZCFQQrduuE4OfEgWcCjbOe4lmsRlD+qxtaEgk0346OWOMD4zSxb1ImRcCnqhfO1IitR7JwFRKAgP908vEv7x2Ar1TP+VhnAAL6XRQLxEYIpxlgrtcMQpiZAihiptdMR0QRSiY5PImhM9L8f+kcVRynZJ7VS5Ujmdx5NAu2kdF5KITVEFVVEN1RNEtukeP6Mm6sx6sZ+tlWjpnzXp20DdYrx//aZgg</latexit><latexit sha1_base64="QQ7gOKsw/x5Tlrs6Xdi+yDHmW6g=">AAACBnicdVDLSgMxFM34rPU16lKEYBHqpsxIUVdacGGXFewDOkPJpGkbmswMyR2hDF258VfcuFDErd/gzr8x01bweSDkcM693HtPEAuuwXHerbn5hcWl5dxKfnVtfWPT3tpu6ChRlNVpJCLVCohmgoesDhwEa8WKERkI1gyGF5nfvGFK8yi8hlHMfEn6Ie9xSsBIHXvPuyRSkiIcehoIHSom0vNxejbGVaN17IJTKjsZ8G/ilia/U0Az1Dr2m9eNaCJZCFQQrduuE4OfEgWcCjbOe4lmsRlD+qxtaEgk0346OWOMD4zSxb1ImRcCnqhfO1IitR7JwFRKAgP908vEv7x2Ar1TP+VhnAAL6XRQLxEYIpxlgrtcMQpiZAihiptdMR0QRSiY5PImhM9L8f+kcVRynZJ7VS5Ujmdx5NAu2kdF5KITVEFVVEN1RNEtukeP6Mm6sx6sZ+tlWjpnzXp20DdYrx//aZgg</latexit>



Bose-Einstein Condensation	

for 

 

•  Thermalizing interaction: gravity 

 

T . 500 eV

✓
fa

1012 GeV

◆1/2

<latexit sha1_base64="wtT8TbVRq50LmAPEZsco5caLOYo="></latexit><latexit sha1_base64="wtT8TbVRq50LmAPEZsco5caLOYo="></latexit><latexit sha1_base64="wtT8TbVRq50LmAPEZsco5caLOYo="></latexit><latexit sha1_base64="wtT8TbVRq50LmAPEZsco5caLOYo="></latexit>

•  Necessary and sufficient conditions for Bose-Einstein condensation 

1.  Large number of identical Bosons 

2.  Conservation of the number of particles 

3.  High degeneracy  

4.  Effective thermalizing interaction 
 

 

N > O(1)
<latexit sha1_base64="FqffDHm7ofE5QKzBEyDlTZzUxFE=">AAACBXicdVDLSsNAFJ3UV62vqEtdDBahbkJiS3UlBTeutIJ9QBvKZDpph04mYWYilJCNG3/FjQtF3PoP7vwbJ20VnwcGzpxzL/fe40WMSmXbb0Zubn5hcSm/XFhZXVvfMDe3mjKMBSYNHLJQtD0kCaOcNBRVjLQjQVDgMdLyRqeZ37omQtKQX6lxRNwADTj1KUZKSz1ztxsgNcSIJecpPIGfv4u05Bz0zKJtlat2pVyFv4lj2RMUwQz1nvna7Yc4DghXmCEpO44dKTdBQlHMSFroxpJECI/QgHQ05Sgg0k0mV6RwXyt96IdCP67gRP3akaBAynHg6cpsS/nTy8S/vE6s/GM3oTyKFeF4OsiPGVQhzCKBfSoIVmysCcKC6l0hHiKBsNLBFXQIH5fC/0nz0HJsy7msFGvVWRx5sAP2QAk44AjUwBmogwbA4AbcgQfwaNwa98aT8TwtzRmznm3wDcbLO5iEl/I=</latexit><latexit sha1_base64="FqffDHm7ofE5QKzBEyDlTZzUxFE=">AAACBXicdVDLSsNAFJ3UV62vqEtdDBahbkJiS3UlBTeutIJ9QBvKZDpph04mYWYilJCNG3/FjQtF3PoP7vwbJ20VnwcGzpxzL/fe40WMSmXbb0Zubn5hcSm/XFhZXVvfMDe3mjKMBSYNHLJQtD0kCaOcNBRVjLQjQVDgMdLyRqeZ37omQtKQX6lxRNwADTj1KUZKSz1ztxsgNcSIJecpPIGfv4u05Bz0zKJtlat2pVyFv4lj2RMUwQz1nvna7Yc4DghXmCEpO44dKTdBQlHMSFroxpJECI/QgHQ05Sgg0k0mV6RwXyt96IdCP67gRP3akaBAynHg6cpsS/nTy8S/vE6s/GM3oTyKFeF4OsiPGVQhzCKBfSoIVmysCcKC6l0hHiKBsNLBFXQIH5fC/0nz0HJsy7msFGvVWRx5sAP2QAk44AjUwBmogwbA4AbcgQfwaNwa98aT8TwtzRmznm3wDcbLO5iEl/I=</latexit><latexit sha1_base64="FqffDHm7ofE5QKzBEyDlTZzUxFE=">AAACBXicdVDLSsNAFJ3UV62vqEtdDBahbkJiS3UlBTeutIJ9QBvKZDpph04mYWYilJCNG3/FjQtF3PoP7vwbJ20VnwcGzpxzL/fe40WMSmXbb0Zubn5hcSm/XFhZXVvfMDe3mjKMBSYNHLJQtD0kCaOcNBRVjLQjQVDgMdLyRqeZ37omQtKQX6lxRNwADTj1KUZKSz1ztxsgNcSIJecpPIGfv4u05Bz0zKJtlat2pVyFv4lj2RMUwQz1nvna7Yc4DghXmCEpO44dKTdBQlHMSFroxpJECI/QgHQ05Sgg0k0mV6RwXyt96IdCP67gRP3akaBAynHg6cpsS/nTy8S/vE6s/GM3oTyKFeF4OsiPGVQhzCKBfSoIVmysCcKC6l0hHiKBsNLBFXQIH5fC/0nz0HJsy7msFGvVWRx5sAP2QAk44AjUwBmogwbA4AbcgQfwaNwa98aT8TwtzRmznm3wDcbLO5iEl/I=</latexit><latexit sha1_base64="FqffDHm7ofE5QKzBEyDlTZzUxFE=">AAACBXicdVDLSsNAFJ3UV62vqEtdDBahbkJiS3UlBTeutIJ9QBvKZDpph04mYWYilJCNG3/FjQtF3PoP7vwbJ20VnwcGzpxzL/fe40WMSmXbb0Zubn5hcSm/XFhZXVvfMDe3mjKMBSYNHLJQtD0kCaOcNBRVjLQjQVDgMdLyRqeZ37omQtKQX6lxRNwADTj1KUZKSz1ztxsgNcSIJecpPIGfv4u05Bz0zKJtlat2pVyFv4lj2RMUwQz1nvna7Yc4DghXmCEpO44dKTdBQlHMSFroxpJECI/QgHQ05Sgg0k0mV6RwXyt96IdCP67gRP3akaBAynHg6cpsS/nTy8S/vE6s/GM3oTyKFeF4OsiPGVQhzCKBfSoIVmysCcKC6l0hHiKBsNLBFXQIH5fC/0nz0HJsy7msFGvVWRx5sAP2QAk44AjUwBmogwbA4AbcgQfwaNwa98aT8TwtzRmznm3wDcbLO5iEl/I=</latexit>

Sikivie, Yang, Phys. Rev. 
Lett. 103 (2009) 111301   
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•  Quantum mechanics  Bose-Einstein distribution  BEC 
 

)
<latexit sha1_base64="kWK3UwLixx6vdYNnwvTZci15eVE="></latexit><latexit sha1_base64="UH1OrPBKYDtoP9p58r6Is2bCrq8="></latexit><latexit sha1_base64="UH1OrPBKYDtoP9p58r6Is2bCrq8="></latexit><latexit sha1_base64="fsxC5JyrMP2dGLRnw8GAfC9f0HA="></latexit>

)
<latexit sha1_base64="kWK3UwLixx6vdYNnwvTZci15eVE="></latexit><latexit sha1_base64="UH1OrPBKYDtoP9p58r6Is2bCrq8="></latexit><latexit sha1_base64="UH1OrPBKYDtoP9p58r6Is2bCrq8="></latexit><latexit sha1_base64="fsxC5JyrMP2dGLRnw8GAfC9f0HA="></latexit>

•  Can we use classical field theory instead if            ? 
 

N � 1
<latexit sha1_base64="ny2LoEr145Gs77Rjpxi7g9nrH1o="></latexit><latexit sha1_base64="yXQ4Vv/la1cpcepOXlXzJwELx2M="></latexit><latexit sha1_base64="yXQ4Vv/la1cpcepOXlXzJwELx2M="></latexit><latexit sha1_base64="jy9BqD4P7c14DC7CslcjmDl1g6s="></latexit>

�(t) > H(t)
<latexit sha1_base64="+jMVlfwWaNMNqvm+NiLlJfcAysY=">AAAB+XicdVDLSgMxFL1TX7W+Rl26CRahboZpLepKCi7ssoJ9QDuUTJppQ5OZIckUytA/ceNCEbf+iTv/xkxbweeBcA/n3Mu9OX7MmdKu+27lVlbX1jfym4Wt7Z3dPXv/oKWiRBLaJBGPZMfHinIW0qZmmtNOLCkWPqdtf3yd+e0JlYpF4Z2extQTeBiygBGsjdS37d4NFgKX9Cm6QnVT+nbRdapuBvSblJ15dYuwRKNvv/UGEUkEDTXhWKlu2Y21l2KpGeF0VuglisaYjPGQdg0NsaDKS+eXz9CJUQYoiKR5oUZz9etEioVSU+GbToH1SP30MvEvr5vo4NJLWRgnmoZksShIONIRymJAAyYp0XxqCCaSmVsRGWGJiTZhFUwInz9F/5NWxSmfOZXbarF2vowjD0dwDCUowwXUoA4NaAKBCdzDIzxZqfVgPVsvi9actZw5hG+wXj8A8M2R3g==</latexit>



Duration of Classicality	

Quantum theory Classical analogue 

H =
X

j

!ja
†
jaj +

X

jklm

1

4
⇤lm
jk a

†
ja

†
kalam

<latexit sha1_base64="CKqYswE8+UtiQk7PyzJBrwyFavI="></latexit><latexit sha1_base64="CKqYswE8+UtiQk7PyzJBrwyFavI="></latexit><latexit sha1_base64="CKqYswE8+UtiQk7PyzJBrwyFavI="></latexit><latexit sha1_base64="CKqYswE8+UtiQk7PyzJBrwyFavI="></latexit>

iȧj = !jaj +
X

klm

1

2
⇤lm
jk a†kalam

<latexit sha1_base64="a2UXPSlNXmAOut2q65/6mknXNto="></latexit><latexit sha1_base64="a2UXPSlNXmAOut2q65/6mknXNto="></latexit><latexit sha1_base64="a2UXPSlNXmAOut2q65/6mknXNto="></latexit><latexit sha1_base64="a2UXPSlNXmAOut2q65/6mknXNto="></latexit>

iȦj = !jAj +
X

klm

1

2
⇤lm
jk A⇤

kAlAm

<latexit sha1_base64="nvKmORpwriLEUms0gpHA4JyXn78="></latexit><latexit sha1_base64="nvKmORpwriLEUms0gpHA4JyXn78="></latexit><latexit sha1_base64="nvKmORpwriLEUms0gpHA4JyXn78="></latexit><latexit sha1_base64="nvKmORpwriLEUms0gpHA4JyXn78="></latexit>

Nj(t) = a†j(t)aj(t)
<latexit sha1_base64="mYE1dlTMqElA9M/n4er7zm5a7aU=">AAACEXicdZC7SgNBFIZn4y3GW9TSZjAIsVl2TYg2QsDGSiKYCyTrcnYySSaZvTAzK4Qlr2Djq9hYKGJrZ+fbOJtE8PrDwM93zmHO+b2IM6ks693ILCwuLa9kV3Nr6xubW/ntnYYMY0FonYQ8FC0PJOUsoHXFFKetSFDwPU6b3ugsrTdvqJAsDK7UOKKOD/2A9RgBpZGbL3Z8UAMCPLmYuMOiOsSnGNzhdacL/T4VKYApd/MFyyxVrHKpgn8b27SmKqC5am7+rdMNSezTQBEOUrZtK1JOAkIxwukk14kljYCMoE/b2gbgU+kk04sm+ECTLu6FQr9A4Sn9OpGAL+XY93Rnur/8WUvhX7V2rHonTsKCKFY0ILOPejHHKsRpPLjLBCWKj7UBIpjeFZMBCCBKh5jTIXxeiv83jSPTtkz7slyoVuZxZNEe2kdFZKNjVEXnqIbqiKBbdI8e0ZNxZzwYz8bLrDVjzGd20TcZrx95Qpwa</latexit><latexit sha1_base64="mYE1dlTMqElA9M/n4er7zm5a7aU=">AAACEXicdZC7SgNBFIZn4y3GW9TSZjAIsVl2TYg2QsDGSiKYCyTrcnYySSaZvTAzK4Qlr2Djq9hYKGJrZ+fbOJtE8PrDwM93zmHO+b2IM6ks693ILCwuLa9kV3Nr6xubW/ntnYYMY0FonYQ8FC0PJOUsoHXFFKetSFDwPU6b3ugsrTdvqJAsDK7UOKKOD/2A9RgBpZGbL3Z8UAMCPLmYuMOiOsSnGNzhdacL/T4VKYApd/MFyyxVrHKpgn8b27SmKqC5am7+rdMNSezTQBEOUrZtK1JOAkIxwukk14kljYCMoE/b2gbgU+kk04sm+ECTLu6FQr9A4Sn9OpGAL+XY93Rnur/8WUvhX7V2rHonTsKCKFY0ILOPejHHKsRpPLjLBCWKj7UBIpjeFZMBCCBKh5jTIXxeiv83jSPTtkz7slyoVuZxZNEe2kdFZKNjVEXnqIbqiKBbdI8e0ZNxZzwYz8bLrDVjzGd20TcZrx95Qpwa</latexit><latexit sha1_base64="mYE1dlTMqElA9M/n4er7zm5a7aU=">AAACEXicdZC7SgNBFIZn4y3GW9TSZjAIsVl2TYg2QsDGSiKYCyTrcnYySSaZvTAzK4Qlr2Djq9hYKGJrZ+fbOJtE8PrDwM93zmHO+b2IM6ks693ILCwuLa9kV3Nr6xubW/ntnYYMY0FonYQ8FC0PJOUsoHXFFKetSFDwPU6b3ugsrTdvqJAsDK7UOKKOD/2A9RgBpZGbL3Z8UAMCPLmYuMOiOsSnGNzhdacL/T4VKYApd/MFyyxVrHKpgn8b27SmKqC5am7+rdMNSezTQBEOUrZtK1JOAkIxwukk14kljYCMoE/b2gbgU+kk04sm+ECTLu6FQr9A4Sn9OpGAL+XY93Rnur/8WUvhX7V2rHonTsKCKFY0ILOPejHHKsRpPLjLBCWKj7UBIpjeFZMBCCBKh5jTIXxeiv83jSPTtkz7slyoVuZxZNEe2kdFZKNjVEXnqIbqiKBbdI8e0ZNxZzwYz8bLrDVjzGd20TcZrx95Qpwa</latexit><latexit sha1_base64="mYE1dlTMqElA9M/n4er7zm5a7aU=">AAACEXicdZC7SgNBFIZn4y3GW9TSZjAIsVl2TYg2QsDGSiKYCyTrcnYySSaZvTAzK4Qlr2Djq9hYKGJrZ+fbOJtE8PrDwM93zmHO+b2IM6ks693ILCwuLa9kV3Nr6xubW/ntnYYMY0FonYQ8FC0PJOUsoHXFFKetSFDwPU6b3ugsrTdvqJAsDK7UOKKOD/2A9RgBpZGbL3Z8UAMCPLmYuMOiOsSnGNzhdacL/T4VKYApd/MFyyxVrHKpgn8b27SmKqC5am7+rdMNSezTQBEOUrZtK1JOAkIxwukk14kljYCMoE/b2gbgU+kk04sm+ECTLu6FQr9A4Sn9OpGAL+XY93Rnur/8WUvhX7V2rHonTsKCKFY0ILOPejHHKsRpPLjLBCWKj7UBIpjeFZMBCCBKh5jTIXxeiv83jSPTtkz7slyoVuZxZNEe2kdFZKNjVEXnqIbqiKBbdI8e0ZNxZzwYz8bLrDVjzGd20TcZrx95Qpwa</latexit>

Nj(t) = A⇤
j (t)Aj(t)

<latexit sha1_base64="OKOdLzQ+0FvVTYIHek6zru2h6sg=">AAACAXicdVDLSsNAFJ3UV62vqBvBzWARqouQ2FLdCC1uXEkF+4A2hsl00k47eTAzEUqpG3/FjQtF3PoX7vwbJ2kFnwcuHM65l3vvcSNGhTTNdy0zN7+wuJRdzq2srq1v6JtbDRHGHJM6DlnIWy4ShNGA1CWVjLQiTpDvMtJ0h2eJ37whXNAwuJKjiNg+6gXUoxhJJTn6zoUzKMgDeAqrzuD6MKHVVHH0vGkUy2apWIa/iWWYKfJghpqjv3W6IY59EkjMkBBty4ykPUZcUszIJNeJBYkQHqIeaSsaIJ8Ie5x+MIH7SulCL+SqAglT9evEGPlCjHxXdfpI9sVPLxH/8tqx9E7sMQ2iWJIATxd5MYMyhEkcsEs5wZKNFEGYU3UrxH3EEZYqtJwK4fNT+D9pHBmWaViXpXylPIsjC3bBHigACxyDCjgHNVAHGNyCe/AInrQ77UF71l6mrRltNrMNvkF7/QCuQJRw</latexit><latexit sha1_base64="OKOdLzQ+0FvVTYIHek6zru2h6sg=">AAACAXicdVDLSsNAFJ3UV62vqBvBzWARqouQ2FLdCC1uXEkF+4A2hsl00k47eTAzEUqpG3/FjQtF3PoX7vwbJ2kFnwcuHM65l3vvcSNGhTTNdy0zN7+wuJRdzq2srq1v6JtbDRHGHJM6DlnIWy4ShNGA1CWVjLQiTpDvMtJ0h2eJ37whXNAwuJKjiNg+6gXUoxhJJTn6zoUzKMgDeAqrzuD6MKHVVHH0vGkUy2apWIa/iWWYKfJghpqjv3W6IY59EkjMkBBty4ykPUZcUszIJNeJBYkQHqIeaSsaIJ8Ie5x+MIH7SulCL+SqAglT9evEGPlCjHxXdfpI9sVPLxH/8tqx9E7sMQ2iWJIATxd5MYMyhEkcsEs5wZKNFEGYU3UrxH3EEZYqtJwK4fNT+D9pHBmWaViXpXylPIsjC3bBHigACxyDCjgHNVAHGNyCe/AInrQ77UF71l6mrRltNrMNvkF7/QCuQJRw</latexit><latexit sha1_base64="OKOdLzQ+0FvVTYIHek6zru2h6sg=">AAACAXicdVDLSsNAFJ3UV62vqBvBzWARqouQ2FLdCC1uXEkF+4A2hsl00k47eTAzEUqpG3/FjQtF3PoX7vwbJ2kFnwcuHM65l3vvcSNGhTTNdy0zN7+wuJRdzq2srq1v6JtbDRHGHJM6DlnIWy4ShNGA1CWVjLQiTpDvMtJ0h2eJ37whXNAwuJKjiNg+6gXUoxhJJTn6zoUzKMgDeAqrzuD6MKHVVHH0vGkUy2apWIa/iWWYKfJghpqjv3W6IY59EkjMkBBty4ykPUZcUszIJNeJBYkQHqIeaSsaIJ8Ie5x+MIH7SulCL+SqAglT9evEGPlCjHxXdfpI9sVPLxH/8tqx9E7sMQ2iWJIATxd5MYMyhEkcsEs5wZKNFEGYU3UrxH3EEZYqtJwK4fNT+D9pHBmWaViXpXylPIsjC3bBHigACxyDCjgHNVAHGNyCe/AInrQ77UF71l6mrRltNrMNvkF7/QCuQJRw</latexit><latexit sha1_base64="OKOdLzQ+0FvVTYIHek6zru2h6sg=">AAACAXicdVDLSsNAFJ3UV62vqBvBzWARqouQ2FLdCC1uXEkF+4A2hsl00k47eTAzEUqpG3/FjQtF3PoX7vwbJ2kFnwcuHM65l3vvcSNGhTTNdy0zN7+wuJRdzq2srq1v6JtbDRHGHJM6DlnIWy4ShNGA1CWVjLQiTpDvMtJ0h2eJ37whXNAwuJKjiNg+6gXUoxhJJTn6zoUzKMgDeAqrzuD6MKHVVHH0vGkUy2apWIa/iWWYKfJghpqjv3W6IY59EkjMkBBty4ykPUZcUszIJNeJBYkQHqIeaSsaIJ8Ie5x+MIH7SulCL+SqAglT9evEGPlCjHxXdfpI9sVPLxH/8tqx9E7sMQ2iWJIATxd5MYMyhEkcsEs5wZKNFEGYU3UrxH3EEZYqtJwK4fNT+D9pHBmWaViXpXylPIsjC3bBHigACxyDCjgHNVAHGNyCe/AInrQ77UF71l6mrRltNrMNvkF7/QCuQJRw</latexit>

hNj(t)i = h | Nj(t)| i
<latexit sha1_base64="e/sdTIAd3pLkSC7SBvUytHoCrKM="></latexit><latexit sha1_base64="e/sdTIAd3pLkSC7SBvUytHoCrKM="></latexit><latexit sha1_base64="e/sdTIAd3pLkSC7SBvUytHoCrKM="></latexit><latexit sha1_base64="e/sdTIAd3pLkSC7SBvUytHoCrKM="></latexit>

[aj , a
†
k] = �jk

<latexit sha1_base64="3T9g+D2L/oX718xLockmBikBbIU="></latexit><latexit sha1_base64="5Ofq4zKkOFYaEuH0TdGp8J2YCAM="></latexit><latexit sha1_base64="5Ofq4zKkOFYaEuH0TdGp8J2YCAM="></latexit><latexit sha1_base64="ORkrpesPp4AkjdVgH+8smpWqp0E="></latexit>
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Quantum theory Classical theory 

hNj(0)i
<latexit sha1_base64="dK2I1r6vl7l0z6y3FPDjrR4Hezw=">AAACCXicdVDLSsNAFJ3UV62vqEs3g0Wom5DYUl0W3LiSCrYWmhAm00k7djIJMxOhhG7d+CtuXCji1j9w5984SSv4PHDhcM693HtPkDAqlW2/G6WFxaXllfJqZW19Y3PL3N7pyjgVmHRwzGLRC5AkjHLSUVQx0ksEQVHAyFUwPs39qxsiJI35pZokxIvQkNOQYqS05JvQZYgPGYFuhNQII5adT/3rmn0IXVEYvlm1rXrTbtSb8DdxLLtAFczR9s03dxDjNCJcYYak7Dt2orwMCUUxI9OKm0qSIDxGQ9LXlKOISC8rPpnCA60MYBgLXVzBQv06kaFIykkU6M78XvnTy8W/vH6qwhMvozxJFeF4tihMGVQxzGOBAyoIVmyiCcKC6lshHiGBsNLhVXQIn5/C/0n3yHJsy7loVFvNeRxlsAf2QQ044Bi0wBlogw7A4Bbcg0fwZNwZD8az8TJrLRnzmV3wDcbrB+jlmcs=</latexit><latexit sha1_base64="dK2I1r6vl7l0z6y3FPDjrR4Hezw=">AAACCXicdVDLSsNAFJ3UV62vqEs3g0Wom5DYUl0W3LiSCrYWmhAm00k7djIJMxOhhG7d+CtuXCji1j9w5984SSv4PHDhcM693HtPkDAqlW2/G6WFxaXllfJqZW19Y3PL3N7pyjgVmHRwzGLRC5AkjHLSUVQx0ksEQVHAyFUwPs39qxsiJI35pZokxIvQkNOQYqS05JvQZYgPGYFuhNQII5adT/3rmn0IXVEYvlm1rXrTbtSb8DdxLLtAFczR9s03dxDjNCJcYYak7Dt2orwMCUUxI9OKm0qSIDxGQ9LXlKOISC8rPpnCA60MYBgLXVzBQv06kaFIykkU6M78XvnTy8W/vH6qwhMvozxJFeF4tihMGVQxzGOBAyoIVmyiCcKC6lshHiGBsNLhVXQIn5/C/0n3yHJsy7loVFvNeRxlsAf2QQ044Bi0wBlogw7A4Bbcg0fwZNwZD8az8TJrLRnzmV3wDcbrB+jlmcs=</latexit><latexit sha1_base64="dK2I1r6vl7l0z6y3FPDjrR4Hezw=">AAACCXicdVDLSsNAFJ3UV62vqEs3g0Wom5DYUl0W3LiSCrYWmhAm00k7djIJMxOhhG7d+CtuXCji1j9w5984SSv4PHDhcM693HtPkDAqlW2/G6WFxaXllfJqZW19Y3PL3N7pyjgVmHRwzGLRC5AkjHLSUVQx0ksEQVHAyFUwPs39qxsiJI35pZokxIvQkNOQYqS05JvQZYgPGYFuhNQII5adT/3rmn0IXVEYvlm1rXrTbtSb8DdxLLtAFczR9s03dxDjNCJcYYak7Dt2orwMCUUxI9OKm0qSIDxGQ9LXlKOISC8rPpnCA60MYBgLXVzBQv06kaFIykkU6M78XvnTy8W/vH6qwhMvozxJFeF4tihMGVQxzGOBAyoIVmyiCcKC6lshHiGBsNLhVXQIn5/C/0n3yHJsy7loVFvNeRxlsAf2QQ044Bi0wBlogw7A4Bbcg0fwZNwZD8az8TJrLRnzmV3wDcbrB+jlmcs=</latexit><latexit sha1_base64="dK2I1r6vl7l0z6y3FPDjrR4Hezw=">AAACCXicdVDLSsNAFJ3UV62vqEs3g0Wom5DYUl0W3LiSCrYWmhAm00k7djIJMxOhhG7d+CtuXCji1j9w5984SSv4PHDhcM693HtPkDAqlW2/G6WFxaXllfJqZW19Y3PL3N7pyjgVmHRwzGLRC5AkjHLSUVQx0ksEQVHAyFUwPs39qxsiJI35pZokxIvQkNOQYqS05JvQZYgPGYFuhNQII5adT/3rmn0IXVEYvlm1rXrTbtSb8DdxLLtAFczR9s03dxDjNCJcYYak7Dt2orwMCUUxI9OKm0qSIDxGQ9LXlKOISC8rPpnCA60MYBgLXVzBQv06kaFIykkU6M78XvnTy8W/vH6qwhMvozxJFeF4tihMGVQxzGOBAyoIVmyiCcKC6lshHiGBsNLhVXQIn5/C/0n3yHJsy7loVFvNeRxlsAf2QQ044Bi0wBlogw7A4Bbcg0fwZNwZD8az8TJrLRnzmV3wDcbrB+jlmcs=</latexit>

Nj(0) ⇠ hNj(0)i
<latexit sha1_base64="3y8zi0TW4iNjWKRq3s/pUj2jy/Y=">AAACFXicdVDLSsNAFJ34rPVVdelmsAgVJCS2VJcFN65KBfuAJoTJdNKOnUzCzEQooT/hxl9x40IRt4I7/8ZJWsHngQuHc+7l3nv8mFGpLOvdWFhcWl5ZLawV1zc2t7ZLO7sdGSUCkzaOWCR6PpKEUU7aiipGerEgKPQZ6frj88zv3hAhacSv1CQmboiGnAYUI6Ulr3Tc9K4r1hF0JA2hwxAfMgKdEKkRRixtTueuyA2vVLbMat2qVevwN7FNK0cZzNHySm/OIMJJSLjCDEnZt61YuSkSimJGpkUnkSRGeIyGpK8pRyGRbpp/NYWHWhnAIBK6uIK5+nUiRaGUk9DXndm98qeXiX95/UQFZ25KeZwowvFsUZAwqCKYRQQHVBCs2EQThAXVt0I8QgJhpYMs6hA+P4X/k86JaVumfVkrN+rzOApgHxyACrDBKWiAC9ACbYDBLbgHj+DJuDMejGfjZda6YMxn9sA3GK8fdPmdwA==</latexit><latexit sha1_base64="3y8zi0TW4iNjWKRq3s/pUj2jy/Y=">AAACFXicdVDLSsNAFJ34rPVVdelmsAgVJCS2VJcFN65KBfuAJoTJdNKOnUzCzEQooT/hxl9x40IRt4I7/8ZJWsHngQuHc+7l3nv8mFGpLOvdWFhcWl5ZLawV1zc2t7ZLO7sdGSUCkzaOWCR6PpKEUU7aiipGerEgKPQZ6frj88zv3hAhacSv1CQmboiGnAYUI6Ulr3Tc9K4r1hF0JA2hwxAfMgKdEKkRRixtTueuyA2vVLbMat2qVevwN7FNK0cZzNHySm/OIMJJSLjCDEnZt61YuSkSimJGpkUnkSRGeIyGpK8pRyGRbpp/NYWHWhnAIBK6uIK5+nUiRaGUk9DXndm98qeXiX95/UQFZ25KeZwowvFsUZAwqCKYRQQHVBCs2EQThAXVt0I8QgJhpYMs6hA+P4X/k86JaVumfVkrN+rzOApgHxyACrDBKWiAC9ACbYDBLbgHj+DJuDMejGfjZda6YMxn9sA3GK8fdPmdwA==</latexit><latexit sha1_base64="3y8zi0TW4iNjWKRq3s/pUj2jy/Y=">AAACFXicdVDLSsNAFJ34rPVVdelmsAgVJCS2VJcFN65KBfuAJoTJdNKOnUzCzEQooT/hxl9x40IRt4I7/8ZJWsHngQuHc+7l3nv8mFGpLOvdWFhcWl5ZLawV1zc2t7ZLO7sdGSUCkzaOWCR6PpKEUU7aiipGerEgKPQZ6frj88zv3hAhacSv1CQmboiGnAYUI6Ulr3Tc9K4r1hF0JA2hwxAfMgKdEKkRRixtTueuyA2vVLbMat2qVevwN7FNK0cZzNHySm/OIMJJSLjCDEnZt61YuSkSimJGpkUnkSRGeIyGpK8pRyGRbpp/NYWHWhnAIBK6uIK5+nUiRaGUk9DXndm98qeXiX95/UQFZ25KeZwowvFsUZAwqCKYRQQHVBCs2EQThAXVt0I8QgJhpYMs6hA+P4X/k86JaVumfVkrN+rzOApgHxyACrDBKWiAC9ACbYDBLbgHj+DJuDMejGfjZda6YMxn9sA3GK8fdPmdwA==</latexit><latexit sha1_base64="3y8zi0TW4iNjWKRq3s/pUj2jy/Y=">AAACFXicdVDLSsNAFJ34rPVVdelmsAgVJCS2VJcFN65KBfuAJoTJdNKOnUzCzEQooT/hxl9x40IRt4I7/8ZJWsHngQuHc+7l3nv8mFGpLOvdWFhcWl5ZLawV1zc2t7ZLO7sdGSUCkzaOWCR6PpKEUU7aiipGerEgKPQZ6frj88zv3hAhacSv1CQmboiGnAYUI6Ulr3Tc9K4r1hF0JA2hwxAfMgKdEKkRRixtTueuyA2vVLbMat2qVevwN7FNK0cZzNHySm/OIMJJSLjCDEnZt61YuSkSimJGpkUnkSRGeIyGpK8pRyGRbpp/NYWHWhnAIBK6uIK5+nUiRaGUk9DXndm98qeXiX95/UQFZ25KeZwowvFsUZAwqCKYRQQHVBCs2EQThAXVt0I8QgJhpYMs6hA+P4X/k86JaVumfVkrN+rzOApgHxyACrDBKWiAC9ACbYDBLbgHj+DJuDMejGfjZda6YMxn9sA3GK8fdPmdwA==</latexit>

hNji =
1

e
1
T ("j�µ) � 1

<latexit sha1_base64="4fIU0o7CGY1dYl2G85bVbhEWlEs="></latexit><latexit sha1_base64="4fIU0o7CGY1dYl2G85bVbhEWlEs="></latexit><latexit sha1_base64="4fIU0o7CGY1dYl2G85bVbhEWlEs="></latexit><latexit sha1_base64="4fIU0o7CGY1dYl2G85bVbhEWlEs="></latexit> Nj =
T

"j � µ
<latexit sha1_base64="CHl+toXAXycaFC0e2GGI62kfrEw=">AAACDXicdVDLSsNAFJ34rPUVdelmsApuDIkt1Y1QcONKKvQFTQiT6aSddjIJM5NCCf0BN/6KGxeKuHXvzr9x+hB8HrhwOOde7r0nSBiVyrbfjYXFpeWV1dxafn1jc2vb3NltyDgVmNRxzGLRCpAkjHJSV1Qx0koEQVHASDMYXE785pAISWNeU6OEeBHqchpSjJSWfPPw2u/DC+iGAuGsNs7cIRIkkZRpsw9PoBulY+ibBdsqlu1SsQx/E8eypyiAOaq++eZ2YpxGhCvMkJRtx06UlyGhKGZknHdTSRKEB6hL2ppyFBHpZdNvxvBIKx0YxkIXV3Cqfp3IUCTlKAp0Z4RUT/70JuJfXjtV4bmXUZ6kinA8WxSmDKoYTqKBHSoIVmykCcKC6lsh7iEdjNIB5nUIn5/C/0nj1HJsy7kpFSrleRw5sA8OwDFwwBmogCtQBXWAwS24B4/gybgzHoxn42XWumDMZ/bANxivH7O9m0w=</latexit><latexit sha1_base64="CHl+toXAXycaFC0e2GGI62kfrEw=">AAACDXicdVDLSsNAFJ34rPUVdelmsApuDIkt1Y1QcONKKvQFTQiT6aSddjIJM5NCCf0BN/6KGxeKuHXvzr9x+hB8HrhwOOde7r0nSBiVyrbfjYXFpeWV1dxafn1jc2vb3NltyDgVmNRxzGLRCpAkjHJSV1Qx0koEQVHASDMYXE785pAISWNeU6OEeBHqchpSjJSWfPPw2u/DC+iGAuGsNs7cIRIkkZRpsw9PoBulY+ibBdsqlu1SsQx/E8eypyiAOaq++eZ2YpxGhCvMkJRtx06UlyGhKGZknHdTSRKEB6hL2ppyFBHpZdNvxvBIKx0YxkIXV3Cqfp3IUCTlKAp0Z4RUT/70JuJfXjtV4bmXUZ6kinA8WxSmDKoYTqKBHSoIVmykCcKC6lsh7iEdjNIB5nUIn5/C/0nj1HJsy7kpFSrleRw5sA8OwDFwwBmogCtQBXWAwS24B4/gybgzHoxn42XWumDMZ/bANxivH7O9m0w=</latexit><latexit sha1_base64="CHl+toXAXycaFC0e2GGI62kfrEw=">AAACDXicdVDLSsNAFJ34rPUVdelmsApuDIkt1Y1QcONKKvQFTQiT6aSddjIJM5NCCf0BN/6KGxeKuHXvzr9x+hB8HrhwOOde7r0nSBiVyrbfjYXFpeWV1dxafn1jc2vb3NltyDgVmNRxzGLRCpAkjHJSV1Qx0koEQVHASDMYXE785pAISWNeU6OEeBHqchpSjJSWfPPw2u/DC+iGAuGsNs7cIRIkkZRpsw9PoBulY+ibBdsqlu1SsQx/E8eypyiAOaq++eZ2YpxGhCvMkJRtx06UlyGhKGZknHdTSRKEB6hL2ppyFBHpZdNvxvBIKx0YxkIXV3Cqfp3IUCTlKAp0Z4RUT/70JuJfXjtV4bmXUZ6kinA8WxSmDKoYTqKBHSoIVmykCcKC6lsh7iEdjNIB5nUIn5/C/0nj1HJsy7kpFSrleRw5sA8OwDFwwBmogCtQBXWAwS24B4/gybgzHoxn42XWumDMZ/bANxivH7O9m0w=</latexit><latexit sha1_base64="CHl+toXAXycaFC0e2GGI62kfrEw=">AAACDXicdVDLSsNAFJ34rPUVdelmsApuDIkt1Y1QcONKKvQFTQiT6aSddjIJM5NCCf0BN/6KGxeKuHXvzr9x+hB8HrhwOOde7r0nSBiVyrbfjYXFpeWV1dxafn1jc2vb3NltyDgVmNRxzGLRCpAkjHJSV1Qx0koEQVHASDMYXE785pAISWNeU6OEeBHqchpSjJSWfPPw2u/DC+iGAuGsNs7cIRIkkZRpsw9PoBulY+ibBdsqlu1SsQx/E8eypyiAOaq++eZ2YpxGhCvMkJRtx06UlyGhKGZknHdTSRKEB6hL2ppyFBHpZdNvxvBIKx0YxkIXV3Cqfp3IUCTlKAp0Z4RUT/70JuJfXjtV4bmXUZ6kinA8WxSmDKoYTqKBHSoIVmykCcKC6lsh7iEdjNIB5nUIn5/C/0nj1HJsy7kpFSrleRw5sA8OwDFwwBmogCtQBXWAwS24B4/gybgzHoxn42XWumDMZ/bANxivH7O9m0w=</latexit>

⌧
<latexit sha1_base64="BkVl4DbyzK/ynOdmmyyJjERsDhg=">AAAB63icdVDLSgNBEJyNrxhfUY9eBoPgadk1IeYY8OIxgnlAsoTZyWwyZGZ2mekVwpJf8OJBEa/+kDf/xtkkgs+ChqKqm+6uMBHcgOe9O4W19Y3NreJ2aWd3b/+gfHjUMXGqKWvTWMS6FxLDBFesDRwE6yWaERkK1g2nV7nfvWPa8FjdwixhgSRjxSNOCeTSAEg6LFc8t1r3atU6/k1811ugglZoDctvg1FMU8kUUEGM6fteAkFGNHAq2Lw0SA1LCJ2SMetbqohkJsgWt87xmVVGOIq1LQV4oX6dyIg0ZiZD2ykJTMxPLxf/8vopRI0g4ypJgSm6XBSlAkOM88fxiGtGQcwsIVRzeyumE6IJBRtPyYbw+Sn+n3QuXN9z/ZtapdlYxVFEJ+gUnSMfXaImukYt1EYUTdA9ekRPjnQenGfnZdlacFYzx+gbnNcPfaGOgA==</latexit><latexit sha1_base64="BkVl4DbyzK/ynOdmmyyJjERsDhg=">AAAB63icdVDLSgNBEJyNrxhfUY9eBoPgadk1IeYY8OIxgnlAsoTZyWwyZGZ2mekVwpJf8OJBEa/+kDf/xtkkgs+ChqKqm+6uMBHcgOe9O4W19Y3NreJ2aWd3b/+gfHjUMXGqKWvTWMS6FxLDBFesDRwE6yWaERkK1g2nV7nfvWPa8FjdwixhgSRjxSNOCeTSAEg6LFc8t1r3atU6/k1811ugglZoDctvg1FMU8kUUEGM6fteAkFGNHAq2Lw0SA1LCJ2SMetbqohkJsgWt87xmVVGOIq1LQV4oX6dyIg0ZiZD2ykJTMxPLxf/8vopRI0g4ypJgSm6XBSlAkOM88fxiGtGQcwsIVRzeyumE6IJBRtPyYbw+Sn+n3QuXN9z/ZtapdlYxVFEJ+gUnSMfXaImukYt1EYUTdA9ekRPjnQenGfnZdlacFYzx+gbnNcPfaGOgA==</latexit><latexit sha1_base64="BkVl4DbyzK/ynOdmmyyJjERsDhg=">AAAB63icdVDLSgNBEJyNrxhfUY9eBoPgadk1IeYY8OIxgnlAsoTZyWwyZGZ2mekVwpJf8OJBEa/+kDf/xtkkgs+ChqKqm+6uMBHcgOe9O4W19Y3NreJ2aWd3b/+gfHjUMXGqKWvTWMS6FxLDBFesDRwE6yWaERkK1g2nV7nfvWPa8FjdwixhgSRjxSNOCeTSAEg6LFc8t1r3atU6/k1811ugglZoDctvg1FMU8kUUEGM6fteAkFGNHAq2Lw0SA1LCJ2SMetbqohkJsgWt87xmVVGOIq1LQV4oX6dyIg0ZiZD2ykJTMxPLxf/8vopRI0g4ypJgSm6XBSlAkOM88fxiGtGQcwsIVRzeyumE6IJBRtPyYbw+Sn+n3QuXN9z/ZtapdlYxVFEJ+gUnSMfXaImukYt1EYUTdA9ekRPjnQenGfnZdlacFYzx+gbnNcPfaGOgA==</latexit><latexit sha1_base64="BkVl4DbyzK/ynOdmmyyJjERsDhg=">AAAB63icdVDLSgNBEJyNrxhfUY9eBoPgadk1IeYY8OIxgnlAsoTZyWwyZGZ2mekVwpJf8OJBEa/+kDf/xtkkgs+ChqKqm+6uMBHcgOe9O4W19Y3NreJ2aWd3b/+gfHjUMXGqKWvTWMS6FxLDBFesDRwE6yWaERkK1g2nV7nfvWPa8FjdwixhgSRjxSNOCeTSAEg6LFc8t1r3atU6/k1811ugglZoDctvg1FMU8kUUEGM6fteAkFGNHAq2Lw0SA1LCJ2SMetbqohkJsgWt87xmVVGOIq1LQV4oX6dyIg0ZiZD2ykJTMxPLxf/8vopRI0g4ypJgSm6XBSlAkOM88fxiGtGQcwsIVRzeyumE6IJBRtPyYbw+Sn+n3QuXN9z/ZtapdlYxVFEJ+gUnSMfXaImukYt1EYUTdA9ekRPjnQenGfnZdlacFYzx+gbnNcPfaGOgA==</latexit>

tcl?
<latexit sha1_base64="rQleEPXhtLDj0qQwVE1dE1Ry7Bw=">AAAB83icdVDLSgNBEOyNrxiNRj16GQyCp2VXJeZmwIvHCOYB2SXMTmaTITO7yzyEsOQ3vHhQxKs/4Sd482+cJAo+CxqKqm66u6KMM6U9780pLC2vrK4V10sbm+Wt7crOblulRhLaIilPZTfCinKW0JZmmtNuJikWEaedaHwx8zs3VCqWJtd6ktFQ4GHCYkawtlKg+3kgBSJ8is77larnntS805Ma+k1815uj2ii/GAQAzX7lNRikxAiaaMKxUj3fy3SYY6kZ4XRaCoyiGSZjPKQ9SxMsqArz+c1TdGiVAYpTaSvRaK5+ncixUGoiItspsB6pn95M/MvrGR3Xw5wlmdE0IYtFseFIp2gWABowSYnmE0swkczeisgIS0y0jalkQ/j8FP1P2seu77n+lU2jDgsUYR8O4Ah8OIMGXEITWkAgg1u4hwfHOHfOo/O0aC04HzN78A3O8zsDV5Me</latexit><latexit sha1_base64="NT2JQAfZNQn48fdnixUblZ3+y54=">AAAB83icdVDLSgNBEJyNrxiNRj16GQwBT8uukZibAUE8RjAPyC5hdjKbDJmZXeYhhCW/4cWDIuLNn/ATvPk3ThIFnwUNRVU33V1RyqjSnvfm5JaWV1bX8uuFjc3i1nZpZ7etEiMxaeGEJbIbIUUYFaSlqWakm0qCeMRIJxqfzfzONZGKJuJKT1IScjQUNKYYaSsFup8FkkPMpvC0Xyp7brXmHVdr8DfxXW+OcqP4Yirnhadmv/QaDBJsOBEaM6RUz/dSHWZIaooZmRYCo0iK8BgNSc9SgThRYTa/eQorVhnAOJG2hIZz9etEhrhSEx7ZTo70SP30ZuJfXs/ouB5mVKRGE4EXi2LDoE7gLAA4oJJgzSaWICypvRXiEZIIaxtTwYbw+Sn8n7SPXN9z/UubRh0skAf74AAcAh+cgAa4AE3QAhik4AbcgXvHOLfOg/O4aM05HzN74Buc53dSYpQZ</latexit><latexit sha1_base64="NT2JQAfZNQn48fdnixUblZ3+y54=">AAAB83icdVDLSgNBEJyNrxiNRj16GQwBT8uukZibAUE8RjAPyC5hdjKbDJmZXeYhhCW/4cWDIuLNn/ATvPk3ThIFnwUNRVU33V1RyqjSnvfm5JaWV1bX8uuFjc3i1nZpZ7etEiMxaeGEJbIbIUUYFaSlqWakm0qCeMRIJxqfzfzONZGKJuJKT1IScjQUNKYYaSsFup8FkkPMpvC0Xyp7brXmHVdr8DfxXW+OcqP4Yirnhadmv/QaDBJsOBEaM6RUz/dSHWZIaooZmRYCo0iK8BgNSc9SgThRYTa/eQorVhnAOJG2hIZz9etEhrhSEx7ZTo70SP30ZuJfXs/ouB5mVKRGE4EXi2LDoE7gLAA4oJJgzSaWICypvRXiEZIIaxtTwYbw+Sn8n7SPXN9z/UubRh0skAf74AAcAh+cgAa4AE3QAhik4AbcgXvHOLfOg/O4aM05HzN74Buc53dSYpQZ</latexit><latexit sha1_base64="kt8t8rzEeKse/BfeawdBsCUNBUU=">AAAB83icdVDJSgNBEK2JW4xb1KOXxiB4GnqMxNwMePEYwSyQGUJPpydp0j0zdPcIYchvePGgiFd/xpt/Y2cRXB8UPN6roqpemAquDcbvTmFldW19o7hZ2tre2d0r7x+0dZIpylo0EYnqhkQzwWPWMtwI1k0VIzIUrBOOr2Z+544pzZP41kxSFkgyjHnEKTFW8k0/95VEVEzRZb9cwW61hs+rNfSbeC6eowJLNPvlN3+Q0Eyy2FBBtO55ODVBTpThVLBpyc80SwkdkyHrWRoTyXSQz2+eohOrDFCUKFuxQXP160ROpNYTGdpOScxI//Rm4l9eLzNRPch5nGaGxXSxKMoEMgmaBYAGXDFqxMQSQhW3tyI6IopQY2Mq2RA+P0X/k/aZ62HXu8GVRn0ZRxGO4BhOwYMLaMA1NKEFFFK4h0d4cjLnwXl2XhatBWc5cwjf4Lx+AMuqkXo=</latexit>

hNj(t)i
<latexit sha1_base64="8AZrstr4TV9lvzK3pHKHxSmP10E=">AAACCXicdVDLSgNBEOyNrxhfqx5zGQxCvIRdIzHHoBdPEsE8ILuE2ckkGZ2dXWZmhbDk6sVf8eJBEa/+gTd/wy9wkij4LGgoqrrp7gpizpR2nFcrMze/sLiUXc6trK6tb9ibW00VJZLQBol4JNsBVpQzQRuaaU7bsaQ4DDhtBZfHE791RaVikTjXo5j6IR4I1mcEayN1beRxLAacIi/EekgwT0/H3Yui3kOenBpdu+CUyhXnoFxBv4lbcqYo1PJvR2BQ79ovXi8iSUiFJhwr1XGdWPsplpoRTsc5L1E0xuQSD2jHUIFDqvx0+skY7Rqlh/qRNCU0mqpfJ1IcKjUKA9M5uVf99CbiX14n0f2qnzIRJ5oKMlvUTzjSEZrEgnpMUqL5yBBMJDO3IjLEEhNtwsuZED4/Rf+T5n7JdUrumUmjCjNkIQ87UAQXDqEGJ1CHBhC4hlu4hwfrxrqzHq2nWWvG+pjZhm+wnt8BbX+bnA==</latexit><latexit sha1_base64="8YHWxbxOqCFzmRllEOPnwSJ2OWk=">AAACCXicdVDLSsNAFJ3UR2t9RV12M1iEuimJldpl0Y0rqWAf0JQwmU7bsZNJmJkIJXTrRj/FjQtF3PoH7vwN1y6cpAo+D1w4nHMv997jhYxKZVkvRmZufmExm1vKL6+srq2bG5stGUQCkyYOWCA6HpKEUU6aiipGOqEgyPcYaXvjo8RvXxAhacDP1CQkPR8NOR1QjJSWXBM6DPEhI9DxkRphxOKTqXteUrvQEanhmkWrXKla+5Uq/E3sspWiWC+8HmaXr98arvns9AMc+YQrzJCUXdsKVS9GQlHMyDTvRJKECI/RkHQ15cgnshenn0zhjlb6cBAIXVzBVP06ESNfyonv6c7kXvnTS8S/vG6kBrVeTHkYKcLxbNEgYlAFMIkF9qkgWLGJJggLqm+FeIQEwkqHl9chfH4K/yetvbJtle1TnUYNzJADBbANSsAGB6AOjkEDNAEGl+AG3IF748q4NR6Mx1lrxviY2QLfYDy9A5B2nTY=</latexit><latexit sha1_base64="8YHWxbxOqCFzmRllEOPnwSJ2OWk=">AAACCXicdVDLSsNAFJ3UR2t9RV12M1iEuimJldpl0Y0rqWAf0JQwmU7bsZNJmJkIJXTrRj/FjQtF3PoH7vwN1y6cpAo+D1w4nHMv997jhYxKZVkvRmZufmExm1vKL6+srq2bG5stGUQCkyYOWCA6HpKEUU6aiipGOqEgyPcYaXvjo8RvXxAhacDP1CQkPR8NOR1QjJSWXBM6DPEhI9DxkRphxOKTqXteUrvQEanhmkWrXKla+5Uq/E3sspWiWC+8HmaXr98arvns9AMc+YQrzJCUXdsKVS9GQlHMyDTvRJKECI/RkHQ15cgnshenn0zhjlb6cBAIXVzBVP06ESNfyonv6c7kXvnTS8S/vG6kBrVeTHkYKcLxbNEgYlAFMIkF9qkgWLGJJggLqm+FeIQEwkqHl9chfH4K/yetvbJtle1TnUYNzJADBbANSsAGB6AOjkEDNAEGl+AG3IF748q4NR6Mx1lrxviY2QLfYDy9A5B2nTY=</latexit><latexit sha1_base64="9oOLDV+ef5S8Y/7VFAsPK4pbTMo=">AAACCXicdVDLSsNAFJ3UV62vqEs3g0Wom5BYqV0W3LiSCrYWmhAm00k7djIJMxOhhG7d+CtuXCji1j9w5984SSv4PHDhcM693HtPkDAqlW2/G6WFxaXllfJqZW19Y3PL3N7pyjgVmHRwzGLRC5AkjHLSUVQx0ksEQVHAyFUwPs39qxsiJI35pZokxIvQkNOQYqS05JvQZYgPGYFuhNQII5adT/3rmjqErigM36zaVr1hH9cb8DdxLLtAFczR9s03dxDjNCJcYYak7Dt2orwMCUUxI9OKm0qSIDxGQ9LXlKOISC8rPpnCA60MYBgLXVzBQv06kaFIykkU6M78XvnTy8W/vH6qwqaXUZ6kinA8WxSmDKoY5rHAARUEKzbRBGFB9a0Qj5BAWOnwKjqEz0/h/6R7ZDm25VzY1VZzHkcZ7IF9UAMOOAEtcAbaoAMwuAX34BE8GXfGg/FsvMxaS8Z8Zhd8g/H6AVHCmg0=</latexit>

Nj(t)
<latexit sha1_base64="kQO0uKe5XNu+OBLhcvW09JUXDxw=">AAAB7nicdVDLSgNBEOyNrxhfUY+5DAYhXpZdIzHHoBdPEsGYQLKE2clsMmb2wUyvEEI+wosHRbz6Pd78Db/ASaLgs6ChqOqmu8tPpNDoOK9WZmFxaXklu5pbW9/Y3Mpv71zpOFWMN1gsY9XyqeZSRLyBAiVvJYrT0Je86Q9Pp37zhist4ugSRwn3QtqPRCAYRSM1z7vXJTwg3XzRscsV56hcIb+JazszFGuFtxMwqHfzL51ezNKQR8gk1brtOgl6Y6pQMMknuU6qeULZkPZ529CIhlx749m5E7JvlB4JYmUqQjJTv06Maaj1KPRNZ0hxoH96U/Evr51iUPXGIkpS5BGbLwpSSTAm099JTyjOUI4MoUwJcythA6ooQ5NQzoTw+Sn5n1wd2q5juxcmjSrMkYUC7EEJXDiGGpxBHRrAYAi3cA8PVmLdWY/W07w1Y33M7MI3WM/vjcyQfw==</latexit><latexit sha1_base64="1tAFXgqxYWHPC8K9BxqDHC+vJ+Y=">AAAB7nicdVC7SgNBFL0bH4nxFbVMMxiE2Cy7RmLKoI2VRDAPSJYwO5kkY2Znl5lZISz5AxsbC0Vs/R47f8Pawkmi4PPAhcM593LvPX7EmdKO82KlFhaXltOZlezq2vrGZm5ru6HCWBJaJyEPZcvHinImaF0zzWkrkhQHPqdNf3Qy9ZtXVCoWigs9jqgX4IFgfUawNlLzrHtZ1Puomys4dqnsHJbK6DdxbWeGQjX/epxevX6rdXPPnV5I4oAKTThWqu06kfYSLDUjnE6ynVjRCJMRHtC2oQIHVHnJ7NwJ2jNKD/VDaUpoNFO/TiQ4UGoc+KYzwHqofnpT8S+vHet+xUuYiGJNBZkv6scc6RBNf0c9JinRfGwIJpKZWxEZYomJNgllTQifn6L/SePAdh3bPTdpVGCODORhF4rgwhFU4RRqUAcCI7iBO7i3IuvWerAe560p62NmB77BenoHsMOSGQ==</latexit><latexit sha1_base64="1tAFXgqxYWHPC8K9BxqDHC+vJ+Y=">AAAB7nicdVC7SgNBFL0bH4nxFbVMMxiE2Cy7RmLKoI2VRDAPSJYwO5kkY2Znl5lZISz5AxsbC0Vs/R47f8Pawkmi4PPAhcM593LvPX7EmdKO82KlFhaXltOZlezq2vrGZm5ru6HCWBJaJyEPZcvHinImaF0zzWkrkhQHPqdNf3Qy9ZtXVCoWigs9jqgX4IFgfUawNlLzrHtZ1Puomys4dqnsHJbK6DdxbWeGQjX/epxevX6rdXPPnV5I4oAKTThWqu06kfYSLDUjnE6ynVjRCJMRHtC2oQIHVHnJ7NwJ2jNKD/VDaUpoNFO/TiQ4UGoc+KYzwHqofnpT8S+vHet+xUuYiGJNBZkv6scc6RBNf0c9JinRfGwIJpKZWxEZYomJNgllTQifn6L/SePAdh3bPTdpVGCODORhF4rgwhFU4RRqUAcCI7iBO7i3IuvWerAe560p62NmB77BenoHsMOSGQ==</latexit><latexit sha1_base64="Kr9linw1iI/hmuMpMaQY00/YM1g=">AAAB7nicdVDJSgNBEO1xjXGLevTSGIR4GXqMxBwDXjxJBLNAMoSeTk/Spqdn6K4RwpCP8OJBEa9+jzf/xs4iuD4oeLxXRVW9IJHCACHvztLyyuraem4jv7m1vbNb2NtvmjjVjDdYLGPdDqjhUijeAAGStxPNaRRI3gpGF1O/dce1EbG6gXHC/YgOlAgFo2Cl1lXvtgQnuFcoErdcIWflCv5NPJfMUEQL1HuFt24/ZmnEFTBJjel4JAE/oxoEk3yS76aGJ5SN6IB3LFU04sbPZudO8LFV+jiMtS0FeKZ+nchoZMw4CmxnRGFofnpT8S+vk0JY9TOhkhS4YvNFYSoxxHj6O+4LzRnIsSWUaWFvxWxINWVgE8rbED4/xf+T5qnrEde7JsVadRFHDh2iI1RCHjpHNXSJ6qiBGBqhe/SInpzEeXCenZd565KzmDlA3+C8fgByD47w</latexit>

7 

Duration of Classicality	

(+BEC) 



Gravitational Self-Interactions	
•  Non-relativistic limit 

•  Heisenberg equations of motion 

•  Schrödinger-Poisson equations (classical) 

HG = �G

2

Z
d
3
r d

3
r
0 :  †(~r, t) (~r, t) †(~r 0

, t) (~r 0
, t) :

|~r � ~r 0|
<latexit sha1_base64="bY/1aiAKevsMhcCIDoUFY+ZqMGY="></latexit><latexit sha1_base64="xtD3BactYsTmeJETQSEixQKxfHQ="></latexit><latexit sha1_base64="xtD3BactYsTmeJETQSEixQKxfHQ="></latexit><latexit sha1_base64="stDjZE0b/rdewGzyGjYj+Rrr9lo="></latexit>

i@t (~r, t) = � 1
2mr2 (~r, t) +m'(~r, t) (~r, t)

r2'(~r, t) = 4⇡Gm †(~r, t) (~r, t)
<latexit sha1_base64="vFme+nKojIAuhpF4HZvxGFcbAwI="></latexit><latexit sha1_base64="vFme+nKojIAuhpF4HZvxGFcbAwI="></latexit><latexit sha1_base64="vFme+nKojIAuhpF4HZvxGFcbAwI="></latexit><latexit sha1_base64="vFme+nKojIAuhpF4HZvxGFcbAwI="></latexit>

i@t (~r, t) = � 1
2mr2 (~r, t) +m�(~r, t) (~r, t)

r2�(~r, t) = 4⇡Gm| (~r, t)|2
<latexit sha1_base64="bEOiBOISOwKYRuJT3nPV9gi98T4="></latexit><latexit sha1_base64="bEOiBOISOwKYRuJT3nPV9gi98T4="></latexit><latexit sha1_base64="bEOiBOISOwKYRuJT3nPV9gi98T4="></latexit><latexit sha1_base64="bEOiBOISOwKYRuJT3nPV9gi98T4="></latexit>

8 S. Chackrabarty, S. Enomoto, Y. Han, P. Sikivie, E. T., PR D97 (2018) no. 4, 043531 



Method to get       in QFT	
Step 1: Expand field over ONC mode functions 

      where        solves the classical field equations 

•             defines a fluid with number density and velocity 
 
 

•  Choose       to be comoving coordinates, such that the density in                                                
space is constant  

•  The classical evolution is trivial 
9 

tcl
<latexit sha1_base64="y/f2XMaK0RiJsrTH9tDRRYkC0RU=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFZKmmrgruNFdBfvANpTJdNIOnZmEmYlQQv/CjQtF3Po37vwbpw9BRQ9cOJxzL/feE6WMKu04H1ZhZXVtfaO4Wdra3tndK+8ftFSSSUyaOGGJ7ERIEUYFaWqqGemkkiAeMdKOxpczv31PpKKJuNWTlIQcDQWNKUbaSHe6n/ckh5hN++WKY1d937vwoGN7wXkt8A05CwKn5kPXduaogCUa/fJ7b5DgjBOhMUNKdV0n1WGOpKaYkWmplymSIjxGQ9I1VCBOVJjPL57CE6MMYJxIU0LDufp9IkdcqQmPTCdHeqR+ezPxL6+b6TgIcyrSTBOBF4vijEGdwNn7cEAlwZpNDEFYUnMrxCMkEdYmpJIJ4etT+D9pVW3Xs52bWqV+vYyjCI7AMTgFLvBBHVyBBmgCDAR4AE/g2VLWo/VivS5aC9Zy5hD8gPX2CSB+kT8=</latexit>

~�
<latexit sha1_base64="wzRJwp+SuvhaMc7LK7DH2WRZBLk=">AAACDHicdZDLSsNAFIYn9VbjrerSzWARXJVERF0W3LisYC/QlDKZnLRDZyZhZlJbQl7BpVt9CHfi1nfwGXwJk7aC1wPD/Pz/OZzD58ecaeM4b1ZpaXllda28bm9sbm3vVHb3WjpKFIUmjXikOj7RwJmEpmGGQydWQITPoe2PLou8PQalWSRvzDSGniADyUJGicktzxsDTT06ZJlt9ytVp3bqFIV/C7c2+50qWlSjX3n3gogmAqShnGjddZ3Y9FKiDKMcMttLNMSEjsgAurmURIDupbObM3yUOwEOI5U/afDM/TqREqH1VPh5pyBmqH9mhflX1k1MeNFLmYwTA5LOF4UJxybCBQAcMAXU8GkuCFUsvxXTIVGEmhyT7Um4pZEQRAapN8nSGaBJlhV0PhHg/0XrpOY6Nff6tFo/W3AqowN0iI6Ri85RHV2hBmoiimJ0jx7Qo3VnPVnP1su8tWQtZvbRt7JePwCimJwb</latexit><latexit sha1_base64="wzRJwp+SuvhaMc7LK7DH2WRZBLk=">AAACDHicdZDLSsNAFIYn9VbjrerSzWARXJVERF0W3LisYC/QlDKZnLRDZyZhZlJbQl7BpVt9CHfi1nfwGXwJk7aC1wPD/Pz/OZzD58ecaeM4b1ZpaXllda28bm9sbm3vVHb3WjpKFIUmjXikOj7RwJmEpmGGQydWQITPoe2PLou8PQalWSRvzDSGniADyUJGicktzxsDTT06ZJlt9ytVp3bqFIV/C7c2+50qWlSjX3n3gogmAqShnGjddZ3Y9FKiDKMcMttLNMSEjsgAurmURIDupbObM3yUOwEOI5U/afDM/TqREqH1VPh5pyBmqH9mhflX1k1MeNFLmYwTA5LOF4UJxybCBQAcMAXU8GkuCFUsvxXTIVGEmhyT7Um4pZEQRAapN8nSGaBJlhV0PhHg/0XrpOY6Nff6tFo/W3AqowN0iI6Ri85RHV2hBmoiimJ0jx7Qo3VnPVnP1su8tWQtZvbRt7JePwCimJwb</latexit><latexit sha1_base64="wzRJwp+SuvhaMc7LK7DH2WRZBLk=">AAACDHicdZDLSsNAFIYn9VbjrerSzWARXJVERF0W3LisYC/QlDKZnLRDZyZhZlJbQl7BpVt9CHfi1nfwGXwJk7aC1wPD/Pz/OZzD58ecaeM4b1ZpaXllda28bm9sbm3vVHb3WjpKFIUmjXikOj7RwJmEpmGGQydWQITPoe2PLou8PQalWSRvzDSGniADyUJGicktzxsDTT06ZJlt9ytVp3bqFIV/C7c2+50qWlSjX3n3gogmAqShnGjddZ3Y9FKiDKMcMttLNMSEjsgAurmURIDupbObM3yUOwEOI5U/afDM/TqREqH1VPh5pyBmqH9mhflX1k1MeNFLmYwTA5LOF4UJxybCBQAcMAXU8GkuCFUsvxXTIVGEmhyT7Um4pZEQRAapN8nSGaBJlhV0PhHg/0XrpOY6Nff6tFo/W3AqowN0iI6Ri85RHV2hBmoiimJ0jx7Qo3VnPVnP1su8tWQtZvbRt7JePwCimJwb</latexit><latexit sha1_base64="wzRJwp+SuvhaMc7LK7DH2WRZBLk=">AAACDHicdZDLSsNAFIYn9VbjrerSzWARXJVERF0W3LisYC/QlDKZnLRDZyZhZlJbQl7BpVt9CHfi1nfwGXwJk7aC1wPD/Pz/OZzD58ecaeM4b1ZpaXllda28bm9sbm3vVHb3WjpKFIUmjXikOj7RwJmEpmGGQydWQITPoe2PLou8PQalWSRvzDSGniADyUJGicktzxsDTT06ZJlt9ytVp3bqFIV/C7c2+50qWlSjX3n3gogmAqShnGjddZ3Y9FKiDKMcMttLNMSEjsgAurmURIDupbObM3yUOwEOI5U/afDM/TqREqH1VPh5pyBmqH9mhflX1k1MeNFLmYwTA5LOF4UJxybCBQAcMAXU8GkuCFUsvxXTIVGEmhyT7Um4pZEQRAapN8nSGaBJlhV0PhHg/0XrpOY6Nff6tFo/W3AqowN0iI6Ri85RHV2hBmoiimJ0jx7Qo3VnPVnP1su8tWQtZvbRt7JePwCimJwb</latexit>

~�
<latexit sha1_base64="wzRJwp+SuvhaMc7LK7DH2WRZBLk=">AAACDHicdZDLSsNAFIYn9VbjrerSzWARXJVERF0W3LisYC/QlDKZnLRDZyZhZlJbQl7BpVt9CHfi1nfwGXwJk7aC1wPD/Pz/OZzD58ecaeM4b1ZpaXllda28bm9sbm3vVHb3WjpKFIUmjXikOj7RwJmEpmGGQydWQITPoe2PLou8PQalWSRvzDSGniADyUJGicktzxsDTT06ZJlt9ytVp3bqFIV/C7c2+50qWlSjX3n3gogmAqShnGjddZ3Y9FKiDKMcMttLNMSEjsgAurmURIDupbObM3yUOwEOI5U/afDM/TqREqH1VPh5pyBmqH9mhflX1k1MeNFLmYwTA5LOF4UJxybCBQAcMAXU8GkuCFUsvxXTIVGEmhyT7Um4pZEQRAapN8nSGaBJlhV0PhHg/0XrpOY6Nff6tFo/W3AqowN0iI6Ri85RHV2hBmoiimJ0jx7Qo3VnPVnP1su8tWQtZvbRt7JePwCimJwb</latexit><latexit sha1_base64="wzRJwp+SuvhaMc7LK7DH2WRZBLk=">AAACDHicdZDLSsNAFIYn9VbjrerSzWARXJVERF0W3LisYC/QlDKZnLRDZyZhZlJbQl7BpVt9CHfi1nfwGXwJk7aC1wPD/Pz/OZzD58ecaeM4b1ZpaXllda28bm9sbm3vVHb3WjpKFIUmjXikOj7RwJmEpmGGQydWQITPoe2PLou8PQalWSRvzDSGniADyUJGicktzxsDTT06ZJlt9ytVp3bqFIV/C7c2+50qWlSjX3n3gogmAqShnGjddZ3Y9FKiDKMcMttLNMSEjsgAurmURIDupbObM3yUOwEOI5U/afDM/TqREqH1VPh5pyBmqH9mhflX1k1MeNFLmYwTA5LOF4UJxybCBQAcMAXU8GkuCFUsvxXTIVGEmhyT7Um4pZEQRAapN8nSGaBJlhV0PhHg/0XrpOY6Nff6tFo/W3AqowN0iI6Ri85RHV2hBmoiimJ0jx7Qo3VnPVnP1su8tWQtZvbRt7JePwCimJwb</latexit><latexit sha1_base64="wzRJwp+SuvhaMc7LK7DH2WRZBLk=">AAACDHicdZDLSsNAFIYn9VbjrerSzWARXJVERF0W3LisYC/QlDKZnLRDZyZhZlJbQl7BpVt9CHfi1nfwGXwJk7aC1wPD/Pz/OZzD58ecaeM4b1ZpaXllda28bm9sbm3vVHb3WjpKFIUmjXikOj7RwJmEpmGGQydWQITPoe2PLou8PQalWSRvzDSGniADyUJGicktzxsDTT06ZJlt9ytVp3bqFIV/C7c2+50qWlSjX3n3gogmAqShnGjddZ3Y9FKiDKMcMttLNMSEjsgAurmURIDupbObM3yUOwEOI5U/afDM/TqREqH1VPh5pyBmqH9mhflX1k1MeNFLmYwTA5LOF4UJxybCBQAcMAXU8GkuCFUsvxXTIVGEmhyT7Um4pZEQRAapN8nSGaBJlhV0PhHg/0XrpOY6Nff6tFo/W3AqowN0iI6Ri85RHV2hBmoiimJ0jx7Qo3VnPVnP1su8tWQtZvbRt7JePwCimJwb</latexit><latexit sha1_base64="wzRJwp+SuvhaMc7LK7DH2WRZBLk=">AAACDHicdZDLSsNAFIYn9VbjrerSzWARXJVERF0W3LisYC/QlDKZnLRDZyZhZlJbQl7BpVt9CHfi1nfwGXwJk7aC1wPD/Pz/OZzD58ecaeM4b1ZpaXllda28bm9sbm3vVHb3WjpKFIUmjXikOj7RwJmEpmGGQydWQITPoe2PLou8PQalWSRvzDSGniADyUJGicktzxsDTT06ZJlt9ytVp3bqFIV/C7c2+50qWlSjX3n3gogmAqShnGjddZ3Y9FKiDKMcMttLNMSEjsgAurmURIDupbObM3yUOwEOI5U/afDM/TqREqH1VPh5pyBmqH9mhflX1k1MeNFLmYwTA5LOF4UJxybCBQAcMAXU8GkuCFUsvxXTIVGEmhyT7Um4pZEQRAapN8nSGaBJlhV0PhHg/0XrpOY6Nff6tFo/W3AqowN0iI6Ri85RHV2hBmoiimJ0jx7Qo3VnPVnP1su8tWQtZvbRt7JePwCimJwb</latexit>

A~↵(t) =
p
N�

~0
~↵

<latexit sha1_base64="p9qA6fFyZRaMv3kL2R0hO+dNUZo="></latexit><latexit sha1_base64="OODqiqU7dwH+oNIJu36jLtZq3CQ="></latexit><latexit sha1_base64="OODqiqU7dwH+oNIJu36jLtZq3CQ="></latexit><latexit sha1_base64="juetCgmWrNOg0h8NSMC7UhdAiVo="></latexit>

 (~r, t) =
X

~↵

u~↵(~r, t)a~↵(t)
<latexit sha1_base64="OZC7mpiMRV68qLcGnzrJ6QFwxIk="></latexit>

 (~r, t) =
X

~↵

u~↵(~r, t)A~↵(t)
<latexit sha1_base64="+pi6HNmogf9a1YMi7UNVmmsJuJY="></latexit>

u~↵(~r, t) =
1p
N
 (~r, t) ei~↵·~�(~r,t)

<latexit sha1_base64="2iqM4GuStMjZJyTsyRuDKEgF0eo="></latexit>

 (~r, t)
<latexit sha1_base64="+TnWO2O+8YDGZfxBRGGWTb7azzU=">AAAB+XicdVDLSgMxFM3UV1tfo24EN8EiVJAyo4JdFt24rGAf0BlKJs20oZkHyZ1CHQp+iBsXirjUP3En+DFmWgWfBy73cM695OZ4seAKLOvVyM3NLywu5QvF5ZXVtXVzY7OpokRS1qCRiGTbI4oJHrIGcBCsHUtGAk+wljc8y/zWiEnFo/ASxjFzA9IPuc8pAS11TdOpK152RoymcnKAYb9rlqzKsZUB/yZ2ZdqtUm376q1w/XRa75ovTi+iScBCoIIo1bGtGNyUSOBUsEnRSRSLCR2SPutoGpKAKTedXj7Be1rpYT+SukLAU/XrRkoCpcaBpycDAgP108vEv7xOAn7VTXkYJ8BCOnvITwSGCGcx4B6XjIIYa0Ko5PpWTAdEEgo6rKIO4fOn+H/SPKzYRxXrQqdRRTPk0Q7aRWVkoxNUQ+eojhqIohG6QXfo3kiNW+PBeJyN5oyPnS30DcbzO9FslhM=</latexit>

 (~r, t)
<latexit sha1_base64="+TnWO2O+8YDGZfxBRGGWTb7azzU=">AAAB+XicdVDLSgMxFM3UV1tfo24EN8EiVJAyo4JdFt24rGAf0BlKJs20oZkHyZ1CHQp+iBsXirjUP3En+DFmWgWfBy73cM695OZ4seAKLOvVyM3NLywu5QvF5ZXVtXVzY7OpokRS1qCRiGTbI4oJHrIGcBCsHUtGAk+wljc8y/zWiEnFo/ASxjFzA9IPuc8pAS11TdOpK152RoymcnKAYb9rlqzKsZUB/yZ2ZdqtUm376q1w/XRa75ovTi+iScBCoIIo1bGtGNyUSOBUsEnRSRSLCR2SPutoGpKAKTedXj7Be1rpYT+SukLAU/XrRkoCpcaBpycDAgP108vEv7xOAn7VTXkYJ8BCOnvITwSGCGcx4B6XjIIYa0Ko5PpWTAdEEgo6rKIO4fOn+H/SPKzYRxXrQqdRRTPk0Q7aRWVkoxNUQ+eojhqIohG6QXfo3kiNW+PBeJyN5oyPnS30DcbzO9FslhM=</latexit>

n(~r, t) =  ⇤(~r, t) (~r, t)

~v(~r, t) =
1

2imn
( ⇤~r � ~r ⇤)

<latexit sha1_base64="sXJCjYZ1JGV7gaz9Ana0FM2ddCk="></latexit>



•  Deviation from classical theory as           modes get occupied 
quantum mechanically 

 
Step 2: calculate coefficients of equations of motion 
 

 

 
 
 
 

 
 
Step 3: Bogoliubov ansatz 
 

•  Large occupation of  
 

 

i@ta~↵ =
X

~�

M
~�
~↵ a~� +

X

~�~�~�

1

2
⇤~�~�

~↵~�
a†~�a~�a~�

<latexit sha1_base64="SjEINCJ/sVgsIDwuHNSw+KKGUqE="></latexit><latexit sha1_base64="TyiT3asLSO02avZsBAUBg/NqEtI="></latexit><latexit sha1_base64="TyiT3asLSO02avZsBAUBg/NqEtI="></latexit><latexit sha1_base64="E/xJkNSSGdeX1wmQBrnMEfqZD6I="></latexit>

~↵ = ~0
<latexit sha1_base64="nSAtYFVeQoywWXTiLinCurZn1h4="></latexit><latexit sha1_base64="FpS4TgwdiUcP47mLN/BxOVwhcwg="></latexit><latexit sha1_base64="FpS4TgwdiUcP47mLN/BxOVwhcwg="></latexit><latexit sha1_base64="XfMPMqtX7674pNIMhgqwqRni190="></latexit>
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M~↵~�(t) =

Z

V
d3r u~↵(~r, t)⇤(�i@t �

1

2m
r2)u

~�(~r, t)

⇤~�~�

~↵~�
(t) = �Gm2

Z

V
d3r

Z

V
d3r0

1

|~r � ~r 0| ⇥

⇥ u~↵(~r, t)⇤u
~�(~r 0, t)⇤ (u~�(~r, t)u

~�(~r 0, t) + u~�(~r 0, t)u
~�(~x, t))

<latexit sha1_base64="RiQ6SxoLubqavcaHmRVOXIY7fAE="></latexit>

~↵ 6= ~0
<latexit sha1_base64="AYnyr9GSa9n8pl2OoA5azAIn1FQ="></latexit><latexit sha1_base64="6hV/lcDp03NQ9ekEqklV3rr/Ht8="></latexit><latexit sha1_base64="6hV/lcDp03NQ9ekEqklV3rr/Ht8="></latexit><latexit sha1_base64="gcrCq71ljTSPg6U362URidgu0dQ="></latexit>

Method to get       in QFT	tcl
<latexit sha1_base64="y/f2XMaK0RiJsrTH9tDRRYkC0RU=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFZKmmrgruNFdBfvANpTJdNIOnZmEmYlQQv/CjQtF3Po37vwbpw9BRQ9cOJxzL/feE6WMKu04H1ZhZXVtfaO4Wdra3tndK+8ftFSSSUyaOGGJ7ERIEUYFaWqqGemkkiAeMdKOxpczv31PpKKJuNWTlIQcDQWNKUbaSHe6n/ckh5hN++WKY1d937vwoGN7wXkt8A05CwKn5kPXduaogCUa/fJ7b5DgjBOhMUNKdV0n1WGOpKaYkWmplymSIjxGQ9I1VCBOVJjPL57CE6MMYJxIU0LDufp9IkdcqQmPTCdHeqR+ezPxL6+b6TgIcyrSTBOBF4vijEGdwNn7cEAlwZpNDEFYUnMrxCMkEdYmpJIJ4etT+D9pVW3Xs52bWqV+vYyjCI7AMTgFLvBBHVyBBmgCDAR4AE/g2VLWo/VivS5aC9Zy5hD8gPX2CSB+kT8=</latexit>

a~0 !
p
N

a~↵ ! b~↵, for ~↵ 6= ~0
<latexit sha1_base64="MLLVTcoPH7M9IH2hkhU5Rq6rHog="></latexit>



Step 4: expand equations for         in powers of 
 and keep first order terms only. Solve. 

 
 
 
 

Step 5: duration of classicality 
 

•  Expectation value           for  

•  Evaporation 
 
•  Duration of classicality 

 
 

 

hN~↵(t)i = h0|b†~↵(t)b~↵(t)|0i
<latexit sha1_base64="cdo3IrR5GB1y83QwZjauh+mCPRQ="></latexit><latexit sha1_base64="4imBVN3ExVP5mC3yykpijyIIMnc="></latexit><latexit sha1_base64="4imBVN3ExVP5mC3yykpijyIIMnc="></latexit><latexit sha1_base64="x3uhdN0WBA89WUYosLpMzHesF2U="></latexit>

~↵ 6= ~0
<latexit sha1_base64="AYnyr9GSa9n8pl2OoA5azAIn1FQ="></latexit><latexit sha1_base64="6hV/lcDp03NQ9ekEqklV3rr/Ht8="></latexit><latexit sha1_base64="6hV/lcDp03NQ9ekEqklV3rr/Ht8="></latexit><latexit sha1_base64="gcrCq71ljTSPg6U362URidgu0dQ="></latexit>

Nev(tcl) ⇠ N
<latexit sha1_base64="HttskS9/ZLbeFhKWSCUlXVj2IFg="></latexit><latexit sha1_base64="0RyEuEmm+v+Ii9ko2JELLM22t1U="></latexit><latexit sha1_base64="0RyEuEmm+v+Ii9ko2JELLM22t1U="></latexit><latexit sha1_base64="JqWOYuAOTwD5VbxseQH4Cmculp0="></latexit>

i@tb~↵ =
X

~� 6=~0

⇣
M

~�
~↵ + ⇤

~�~0

~↵~0

⌘
N b~� +

1

2
⇤
~0~0
~↵~�

N b†~�

�

<latexit sha1_base64="JKxHItj4/5E1Ub31anQAuiEbKzo="></latexit><latexit sha1_base64="lVD15TBPwMur1jfTUdoHMHNLKNw="></latexit><latexit sha1_base64="lVD15TBPwMur1jfTUdoHMHNLKNw="></latexit><latexit sha1_base64="H01vcBU8W/8GMQvAn5tPIjNkWYg="></latexit>

11 

1/
p
N

<latexit sha1_base64="KJKbGUXV5anuW6RTUb8jWFygVYA=">AAACC3icdVDLSgMxFM3UVx1fVZdugkVwVWekoLgS3LgSBauFTpFM5taG5jEmGW0Z5hNcutWPcCdu/Qi/wZ8wrRV8Hrjcwzn3kpsTp5wZGwSvXmlicmp6pjzrz80vLC5VllfOjMo0hQZVXOlmTAxwJqFhmeXQTDUQEXM4j3sHQ//8GrRhSp7aQQptQS4l6zBKrJNaId6KzJW2+VFxUakGtXowBP5NwtqoB1U0xvFF5S1KFM0ESEs5MaYVBqlt50RbRjkUfpQZSAntkUtoOSqJANPORycXeMMpCe4o7UpaPFK/buREGDMQsZsUxHbNT28o/uW1MtvZbedMppkFST8e6mQcW4WH/8cJ00AtHzhCqGbuVky7RBNqXUp+JOGGKiGITPKoX+TRNdC8XxS+S+czAvw/OduuhUEtPKlX9/fGOZXRGlpHmyhEO2gfHaJj1EAUKXSH7tGDd+s9ek/e88doyRvvrKJv8F7eAf0Xm8s=</latexit><latexit sha1_base64="KJKbGUXV5anuW6RTUb8jWFygVYA=">AAACC3icdVDLSgMxFM3UVx1fVZdugkVwVWekoLgS3LgSBauFTpFM5taG5jEmGW0Z5hNcutWPcCdu/Qi/wZ8wrRV8Hrjcwzn3kpsTp5wZGwSvXmlicmp6pjzrz80vLC5VllfOjMo0hQZVXOlmTAxwJqFhmeXQTDUQEXM4j3sHQ//8GrRhSp7aQQptQS4l6zBKrJNaId6KzJW2+VFxUakGtXowBP5NwtqoB1U0xvFF5S1KFM0ESEs5MaYVBqlt50RbRjkUfpQZSAntkUtoOSqJANPORycXeMMpCe4o7UpaPFK/buREGDMQsZsUxHbNT28o/uW1MtvZbedMppkFST8e6mQcW4WH/8cJ00AtHzhCqGbuVky7RBNqXUp+JOGGKiGITPKoX+TRNdC8XxS+S+czAvw/OduuhUEtPKlX9/fGOZXRGlpHmyhEO2gfHaJj1EAUKXSH7tGDd+s9ek/e88doyRvvrKJv8F7eAf0Xm8s=</latexit><latexit sha1_base64="KJKbGUXV5anuW6RTUb8jWFygVYA=">AAACC3icdVDLSgMxFM3UVx1fVZdugkVwVWekoLgS3LgSBauFTpFM5taG5jEmGW0Z5hNcutWPcCdu/Qi/wZ8wrRV8Hrjcwzn3kpsTp5wZGwSvXmlicmp6pjzrz80vLC5VllfOjMo0hQZVXOlmTAxwJqFhmeXQTDUQEXM4j3sHQ//8GrRhSp7aQQptQS4l6zBKrJNaId6KzJW2+VFxUakGtXowBP5NwtqoB1U0xvFF5S1KFM0ESEs5MaYVBqlt50RbRjkUfpQZSAntkUtoOSqJANPORycXeMMpCe4o7UpaPFK/buREGDMQsZsUxHbNT28o/uW1MtvZbedMppkFST8e6mQcW4WH/8cJ00AtHzhCqGbuVky7RBNqXUp+JOGGKiGITPKoX+TRNdC8XxS+S+czAvw/OduuhUEtPKlX9/fGOZXRGlpHmyhEO2gfHaJj1EAUKXSH7tGDd+s9ek/e88doyRvvrKJv8F7eAf0Xm8s=</latexit><latexit sha1_base64="KJKbGUXV5anuW6RTUb8jWFygVYA=">AAACC3icdVDLSgMxFM3UVx1fVZdugkVwVWekoLgS3LgSBauFTpFM5taG5jEmGW0Z5hNcutWPcCdu/Qi/wZ8wrRV8Hrjcwzn3kpsTp5wZGwSvXmlicmp6pjzrz80vLC5VllfOjMo0hQZVXOlmTAxwJqFhmeXQTDUQEXM4j3sHQ//8GrRhSp7aQQptQS4l6zBKrJNaId6KzJW2+VFxUakGtXowBP5NwtqoB1U0xvFF5S1KFM0ESEs5MaYVBqlt50RbRjkUfpQZSAntkUtoOSqJANPORycXeMMpCe4o7UpaPFK/buREGDMQsZsUxHbNT28o/uW1MtvZbedMppkFST8e6mQcW4WH/8cJ00AtHzhCqGbuVky7RBNqXUp+JOGGKiGITPKoX+TRNdC8XxS+S+czAvw/OduuhUEtPKlX9/fGOZXRGlpHmyhEO2gfHaJj1EAUKXSH7tGDd+s9ek/e88doyRvvrKJv8F7eAf0Xm8s=</latexit>

b~↵
<latexit sha1_base64="A4TuYPbsj0nLmSUiqGcQJqs6f6I=">AAACEnicdZDLSgMxFIYz3q23UZdugkVwVWZEUFwV3LhUsFrolHImPW2DSWZIMrVlmLdw6VYfwp249QV8Bl/C9CJ4PRDy8//ncA5fnApubBC8eTOzc/MLi0vLpZXVtfUNf3PryiSZZlhjiUh0PQaDgiusWW4F1lONIGOB1/HN6Si/7qM2PFGXdphiU0JX8Q5nYJ3V8v24lUd9ZHkEIu1BUbT8clA5DEZFf4uwMv6DMpnWect/j9oJyyQqywQY0wiD1DZz0JYzgUUpygymwG6giw0nFUg0zXx8eUH3nNOmnUS7pywdu18ncpDGDGXsOiXYnvmZjcy/skZmO8fNnKs0s6jYZFEnE9QmdISBtrlGZsXQCWCau1sp64EGZh2sUqTwliVSgmrn0aCYEBoURcnR+URA/xdXB5UwqIQXh+XqyZTTEtkhu2SfhOSIVMkZOSc1wkif3JMH8ujdeU/es/cyaZ3xpjPb5Ft5rx/DsJ7v</latexit><latexit sha1_base64="A4TuYPbsj0nLmSUiqGcQJqs6f6I=">AAACEnicdZDLSgMxFIYz3q23UZdugkVwVWZEUFwV3LhUsFrolHImPW2DSWZIMrVlmLdw6VYfwp249QV8Bl/C9CJ4PRDy8//ncA5fnApubBC8eTOzc/MLi0vLpZXVtfUNf3PryiSZZlhjiUh0PQaDgiusWW4F1lONIGOB1/HN6Si/7qM2PFGXdphiU0JX8Q5nYJ3V8v24lUd9ZHkEIu1BUbT8clA5DEZFf4uwMv6DMpnWect/j9oJyyQqywQY0wiD1DZz0JYzgUUpygymwG6giw0nFUg0zXx8eUH3nNOmnUS7pywdu18ncpDGDGXsOiXYnvmZjcy/skZmO8fNnKs0s6jYZFEnE9QmdISBtrlGZsXQCWCau1sp64EGZh2sUqTwliVSgmrn0aCYEBoURcnR+URA/xdXB5UwqIQXh+XqyZTTEtkhu2SfhOSIVMkZOSc1wkif3JMH8ujdeU/es/cyaZ3xpjPb5Ft5rx/DsJ7v</latexit><latexit sha1_base64="A4TuYPbsj0nLmSUiqGcQJqs6f6I=">AAACEnicdZDLSgMxFIYz3q23UZdugkVwVWZEUFwV3LhUsFrolHImPW2DSWZIMrVlmLdw6VYfwp249QV8Bl/C9CJ4PRDy8//ncA5fnApubBC8eTOzc/MLi0vLpZXVtfUNf3PryiSZZlhjiUh0PQaDgiusWW4F1lONIGOB1/HN6Si/7qM2PFGXdphiU0JX8Q5nYJ3V8v24lUd9ZHkEIu1BUbT8clA5DEZFf4uwMv6DMpnWect/j9oJyyQqywQY0wiD1DZz0JYzgUUpygymwG6giw0nFUg0zXx8eUH3nNOmnUS7pywdu18ncpDGDGXsOiXYnvmZjcy/skZmO8fNnKs0s6jYZFEnE9QmdISBtrlGZsXQCWCau1sp64EGZh2sUqTwliVSgmrn0aCYEBoURcnR+URA/xdXB5UwqIQXh+XqyZTTEtkhu2SfhOSIVMkZOSc1wkif3JMH8ujdeU/es/cyaZ3xpjPb5Ft5rx/DsJ7v</latexit><latexit sha1_base64="A4TuYPbsj0nLmSUiqGcQJqs6f6I=">AAACEnicdZDLSgMxFIYz3q23UZdugkVwVWZEUFwV3LhUsFrolHImPW2DSWZIMrVlmLdw6VYfwp249QV8Bl/C9CJ4PRDy8//ncA5fnApubBC8eTOzc/MLi0vLpZXVtfUNf3PryiSZZlhjiUh0PQaDgiusWW4F1lONIGOB1/HN6Si/7qM2PFGXdphiU0JX8Q5nYJ3V8v24lUd9ZHkEIu1BUbT8clA5DEZFf4uwMv6DMpnWect/j9oJyyQqywQY0wiD1DZz0JYzgUUpygymwG6giw0nFUg0zXx8eUH3nNOmnUS7pywdu18ncpDGDGXsOiXYnvmZjcy/skZmO8fNnKs0s6jYZFEnE9QmdISBtrlGZsXQCWCau1sp64EGZh2sUqTwliVSgmrn0aCYEBoURcnR+URA/xdXB5UwqIQXh+XqyZTTEtkhu2SfhOSIVMkZOSc1wkif3JMH8ujdeU/es/cyaZ3xpjPb5Ft5rx/DsJ7v</latexit>

Nev(t) =
X

~↵ 6=~0

hN~↵(t)i
<latexit sha1_base64="c34MyrMHWZlADywR2XfbUR2UWCs="></latexit><latexit sha1_base64="c34MyrMHWZlADywR2XfbUR2UWCs="></latexit><latexit sha1_base64="c34MyrMHWZlADywR2XfbUR2UWCs="></latexit><latexit sha1_base64="c34MyrMHWZlADywR2XfbUR2UWCs="></latexit>

Method to get       in QFT	tcl
<latexit sha1_base64="y/f2XMaK0RiJsrTH9tDRRYkC0RU=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFZKmmrgruNFdBfvANpTJdNIOnZmEmYlQQv/CjQtF3Po37vwbpw9BRQ9cOJxzL/feE6WMKu04H1ZhZXVtfaO4Wdra3tndK+8ftFSSSUyaOGGJ7ERIEUYFaWqqGemkkiAeMdKOxpczv31PpKKJuNWTlIQcDQWNKUbaSHe6n/ckh5hN++WKY1d937vwoGN7wXkt8A05CwKn5kPXduaogCUa/fJ7b5DgjBOhMUNKdV0n1WGOpKaYkWmplymSIjxGQ9I1VCBOVJjPL57CE6MMYJxIU0LDufp9IkdcqQmPTCdHeqR+ezPxL6+b6TgIcyrSTBOBF4vijEGdwNn7cEAlwZpNDEFYUnMrxCMkEdYmpJIJ4etT+D9pVW3Xs52bWqV+vYyjCI7AMTgFLvBBHVyBBmgCDAR4AE/g2VLWo/VivS5aC9Zy5hD8gPX2CSB+kT8=</latexit>



Homogeneous State	
•  Classical solution 

 

•  Mode functions 

•  Jeans wavenumber 

 

 
 

 

 0(~r, t) =
p

n0(t) e
i
2mH(t)r2

<latexit sha1_base64="y10bNOmytQTpj2tO/RjVJ4xoZp8="></latexit><latexit sha1_base64="ICBmzIOHKYb86WsgU6sypaVaKzc="></latexit><latexit sha1_base64="ICBmzIOHKYb86WsgU6sypaVaKzc="></latexit><latexit sha1_base64="N1RxTHqIRpioKeWx7eBqTf6xC5o="></latexit>

�0(~r, t) =
2⇡Gm

3
n0(t)r

2

<latexit sha1_base64="be1LB9VducM/6mjPamwBcnsmEnQ="></latexit><latexit sha1_base64="j70sVeSmNFFAXEcqC13s/okPvjA="></latexit><latexit sha1_base64="j70sVeSmNFFAXEcqC13s/okPvjA="></latexit><latexit sha1_base64="aDYJDW6bfOSjBB656pUUhtaGKNU="></latexit>

u
~k(~r, t) =

r
n0(t)

N
e

i
2mH(t)r2+i

~k·~r
R(t)

<latexit sha1_base64="io8NRsy7dkRz2jKXOLeD1zHwsVk="></latexit><latexit sha1_base64="io8NRsy7dkRz2jKXOLeD1zHwsVk="></latexit><latexit sha1_base64="io8NRsy7dkRz2jKXOLeD1zHwsVk="></latexit><latexit sha1_base64="io8NRsy7dkRz2jKXOLeD1zHwsVk="></latexit>

12 

kJ(t) = (16⇡Gm3n(t))1/4R(t)
<latexit sha1_base64="BQbxqg7bsxLMQvP0RGPvX2SDfsI="></latexit><latexit sha1_base64="mIadDCrKhQLTbFAySx/l1elgZTA="></latexit><latexit sha1_base64="mIadDCrKhQLTbFAySx/l1elgZTA="></latexit><latexit sha1_base64="n/F0URRM81uPzNfCuwSe4YoNSOs="></latexit>

t
<latexit sha1_base64="Mh7RBMgMulX//snGfQxtfUiIV88="></latexit><latexit sha1_base64="eI0ve3042UdnmQa6YG5MIbZS/4w="></latexit><latexit sha1_base64="eI0ve3042UdnmQa6YG5MIbZS/4w="></latexit><latexit sha1_base64="D4g9s3Xh4PZyxayIFsFkV3BkszI="></latexit>

k
<latexit sha1_base64="KP43UDxt0yr2sKgQEnXCl+gC1fc="></latexit><latexit sha1_base64="ONNYcBz0J2GGr3idB9ZUSw1FwMs="></latexit><latexit sha1_base64="ONNYcBz0J2GGr3idB9ZUSw1FwMs="></latexit><latexit sha1_base64="yIkbQZa1TDZhRLjcHU0ZPzyK6AA="></latexit>

tk
<latexit sha1_base64="F36tIoX8MpYKaq5c4U/qi+JdvF8="></latexit><latexit sha1_base64="eDogrQjYPI2lOWO5S/hEeCWQVwk="></latexit><latexit sha1_base64="eDogrQjYPI2lOWO5S/hEeCWQVwk="></latexit><latexit sha1_base64="xfGOGhXpJ9lqdq5NpY8qoD8lW/w="></latexit>

kJ(t) ⇠ t1/6
<latexit sha1_base64="aN2YcU5yk52kU4nMLYfLCvltgvI="></latexit><latexit sha1_base64="IpUpYGxLWWa/z766EFzE1M+Eb+0="></latexit><latexit sha1_base64="IpUpYGxLWWa/z766EFzE1M+Eb+0="></latexit><latexit sha1_base64="S9qHhHANO7l9KXnRZMOGBspJVwM="></latexit>

t⇤<latexit sha1_base64="X0P9PNC1Wk2lbCtFc6ftV2pzBS0="></latexit><latexit sha1_base64="H1mFfFovx3P6tUcMwdXz9+VNqDg="></latexit><latexit sha1_base64="H1mFfFovx3P6tUcMwdXz9+VNqDg="></latexit><latexit sha1_base64="wyPihMIb9phTZjnS+qCHfEybTK0="></latexit>
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k < kJ(t)
<latexit sha1_base64="XwbLFm/w4bsrAk23EOIHMZWRDxc="></latexit><latexit sha1_base64="JZVJD4iKdEEa/TemanDYejDs/5A="></latexit><latexit sha1_base64="JZVJD4iKdEEa/TemanDYejDs/5A="></latexit><latexit sha1_base64="nnNCA8P3QN1XibCbYVgKyiPQywM="></latexit>

•  Unstable modes 

•  Evaporation of the homogenous state 
 

•  Duration of classicality 

hN~k(t)i =
1

10

✓
t

tk

◆2

<latexit sha1_base64="Ln2H307PkLUzizgElKfKcmjikqs="></latexit><latexit sha1_base64="C5HdoSU1/qkqAEYc01j/EzesQMc="></latexit><latexit sha1_base64="C5HdoSU1/qkqAEYc01j/EzesQMc="></latexit><latexit sha1_base64="0xFrYc/ULXgp0+rKVrFUQUYkpcc="></latexit>

t � tk > t⇤
<latexit sha1_base64="j+jWbS5ICtPL52Orm3ndaPO/gpc="></latexit><latexit sha1_base64="Xue8SHrNIxfcGeO05qZprhVzKCU="></latexit><latexit sha1_base64="Xue8SHrNIxfcGeO05qZprhVzKCU="></latexit><latexit sha1_base64="/k+uOVQ4XoRLJS6wHehgKW5X8Fg="></latexit>

hN~k(t)i =
1

10

✓
t

t⇤

◆2 ✓ t⇤
tk

◆1/3

<latexit sha1_base64="/buwwt/jV/KtIEnwt43tjg1nNuY="></latexit><latexit sha1_base64="kKfwucZNnlYDVfp8dKE6Y6TRNo4="></latexit><latexit sha1_base64="kKfwucZNnlYDVfp8dKE6Y6TRNo4="></latexit><latexit sha1_base64="/zHf7tRA5hYBYDNzltrja1oIXeo="></latexit>

t � t⇤ > tk
<latexit sha1_base64="WT+p1lgm8ftQ7xJrj71ttHahZgo="></latexit><latexit sha1_base64="5NB4g9M4CnpfAXqy6Stf29FTCY4="></latexit><latexit sha1_base64="5NB4g9M4CnpfAXqy6Stf29FTCY4="></latexit><latexit sha1_base64="Ln6WhtummdxZ9/X3FC5yOfRLsFM="></latexit>

�~k
<latexit sha1_base64="jhz2jVMxZ98ZTDzT1v2wgZmmI0Q="></latexit><latexit sha1_base64="MAlnSrLn3ajUpWS+9XUv7coIQxs="></latexit><latexit sha1_base64="MAlnSrLn3ajUpWS+9XUv7coIQxs="></latexit><latexit sha1_base64="vJnwEN/7ahiWbL9r88ElKYQwRIg="></latexit>

~k
<latexit sha1_base64="dp/13TPeKn4VgGjhtiA5rYDJ6a4="></latexit><latexit sha1_base64="rHEZIj2jZxvZR/fglYf8Lh01/Hs="></latexit><latexit sha1_base64="rHEZIj2jZxvZR/fglYf8Lh01/Hs="></latexit><latexit sha1_base64="mWzKxwuEcMsmxZftXomzwLD3EBk="></latexit>

~0
<latexit sha1_base64="ltpXKJVE5HsDB5azw2xGL/XE/TY="></latexit><latexit sha1_base64="iVEQU61wYS7Q3w91ZGWzy8+pNnM="></latexit><latexit sha1_base64="iVEQU61wYS7Q3w91ZGWzy8+pNnM="></latexit><latexit sha1_base64="0YJu7hrZvI/OFcEMOAzQ9ZVgh08="></latexit>

...<latexit sha1_base64="lrLNgT5wXjUmtEfej26pMch+dNk="></latexit><latexit sha1_base64="pUM2MuRtiPPK/G+nNrZWSBQZLfU="></latexit><latexit sha1_base64="pUM2MuRtiPPK/G+nNrZWSBQZLfU="></latexit><latexit sha1_base64="LO/jd6AAHVy5G3RjZaYp6kWcSrM="></latexit>
...<latexit sha1_base64="lrLNgT5wXjUmtEfej26pMch+dNk="></latexit><latexit sha1_base64="pUM2MuRtiPPK/G+nNrZWSBQZLfU="></latexit><latexit sha1_base64="pUM2MuRtiPPK/G+nNrZWSBQZLfU="></latexit><latexit sha1_base64="LO/jd6AAHVy5G3RjZaYp6kWcSrM="></latexit>

tcl ⇠ t⇤
1

(Gm2
p
mt⇤)1/2

<latexit sha1_base64="ZCMPqanYCY0yTpVbn5skZCKOUWg="></latexit><latexit sha1_base64="NtjofA/gxauKX3oLOWcGnoK/BN4="></latexit><latexit sha1_base64="NtjofA/gxauKX3oLOWcGnoK/BN4="></latexit><latexit sha1_base64="swFjdDZMuDf0pXuL9KUDV880j4o="></latexit>

Nev(t) =
X

~k

hN~k(t)i ⇠ 0.221NGm2
p
mt⇤

✓
t

t⇤

◆2

<latexit sha1_base64="UdmEEbmxr7mMjo8Pt2H9xqyZz3U="></latexit><latexit sha1_base64="yiiWKp9/NP4YY7OBnVG1+GznsgE="></latexit><latexit sha1_base64="yiiWKp9/NP4YY7OBnVG1+GznsgE="></latexit><latexit sha1_base64="i0jI6EaGMsU9xP+CDCx9O+QfJV0="></latexit>

Homogeneous State	
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Contact Self-Interactions	
•  Gross-Pitaevskii equation  

•  Homogenous case,  

•  Duration of classicality 

 
 

 

 

i@t (~x, t) = � 1

2m
r2 (~x, t) +

�

8m2
 ⇤(~x, t) (~x, t) (~x, t)

<latexit sha1_base64="50FA8Bb6rxyHx7guC3dD0lYr790="></latexit><latexit sha1_base64="GIC8vOHedlaQ4TfVQlSLq98WVH8="></latexit><latexit sha1_base64="GIC8vOHedlaQ4TfVQlSLq98WVH8="></latexit><latexit sha1_base64="NBklLytghVpVtjIlrhox2uH5cqI="></latexit>
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Arza, Chakrabarty, Enomoto, Han, Todarello,  in preparation 

A. Arza, S. Chackrabarty, S. Enomoto, Y. Han, E. T., arXiv:1907.04941 

�! =
�n0

8m2
<latexit sha1_base64="vVe9IYBmMlw4tVmVFKDYLxAHhGw=">AAACDnicdVDLSgMxFM34tr6qLt0ES8FVmdai3QgFNy4VrBU6tdzJ3KnBJDMkGaEM/QI3/oobF4q4de3OvzGtFXweCDmccw/JPWEquLG+/+ZNTc/Mzs0vLBaWlldW14rrG2cmyTTDFktEos9DMCi4wpblVuB5qhFkKLAdXh2O/PY1asMTdWoHKXYl9BWPOQPrpF6xHEQoLASJxD4cBLEGlgfC5SOgqucP84a8qA17xZJfqfsj0N+kWhnffolMcNwrvgZRwjKJyjIBxnSqfmq7OWjLmcBhIcgMpsCuoI8dRxVINN18vM6Qlp0S0TjR7ihLx+rXRA7SmIEM3aQEe2l+eiPxL6+T2bjRzblKM4uKfTwUZ4LahI66oRHXyKwYOAJMc/dXyi7BVWJdgwVXwuem9H9yVqtUdyu1k3qpuTepY4FskW2yQ6pknzTJETkmLcLIDbkjD+TRu/XuvSfv+WN0yptkNsk3eC/vKOOcIA==</latexit>

 0(~x, t) =
p
n0 e�i�!t

<latexit sha1_base64="jT0XECylIeNLu0x8zjXfpyZu/ts="></latexit>

tcl = 1
<latexit sha1_base64="e0RxeYs31jNICHdthsCLr18SFtE=">AAAB/HicdVDLSgMxFM3UV62vapdugkVwVWa0YDdCwY3LCvYBnVIyaaYNTTJDckcYhvorblwo4tYPceffmGkr+DxwuYdz7iU3J4gFN+C6705hZXVtfaO4Wdra3tndK+8fdEyUaMraNBKR7gXEMMEVawMHwXqxZkQGgnWD6WXud2+ZNjxSN5DGbCDJWPGQUwJWGpYrMMx8LTEVM3yBfa5CSIflqluruznwb+LV5t2toiVaw/KbP4poIpkCKogxfc+NYZARDZwKNiv5iWExoVMyZn1LFZHMDLL58TN8bJURDiNtSwGeq183MiKNSWVgJyWBifnp5eJfXj+BsDHIuIoTYIouHgoTgSHCeRJ4xDWjIFJLCNXc3orphGhCweZVsiF8/hT/TzqnNe+s5l7Xq83GMo4iOkRH6AR56Bw10RVqoTaiKEX36BE9OXfOg/PsvCxGC85yp4K+wXn9ACCtlGU=</latexit>

� > 0
<latexit sha1_base64="mix+zZwGMqyDLj0SIG7nZrVVRE8=">AAACEXicdVDLSgMxFM34dnxVXboJFsFVmWrBrkRw47KCbYWZUu5k0jGYx5BklDLMV4hb/Q534tYv8DP8A9OH4PNAyOGcc8nNiTPOjA2CN29mdm5+YXFp2V9ZXVvfqGxudYzKNaFtorjSlzEYypmkbcssp5eZpiBiTrvx9enI795QbZiSF3aY0Z6AVLIBI2CdFEbcRRPAxzjoV6pBrRGMgH+Tem18B1U0RatfeY8SRXJBpSUcjAnrQWZ7BWjLCKelH+WGZkCuIaWhoxIENb1ivHKJ95yS4IHS7kiLx+rXiQKEMUMRu6QAe2V+eiPxLy/M7aDZK5jMckslmTw0yDm2Co/+jxOmKbF86AgQzdyumFyBBmJdS34k6S1RQoBMiiiFtCzSfgGOOaksfdfRZxH4f9I5qNUPawfnjepJc9rWEtpBu2gf1dEROkFnqIXaiCCF7tEDevTuvCfv2XuZRGe86cw2+gbv9QOOPZ2b</latexit>



One-mode perturbation	
•  Linearize 

 
•  Number density and velocity 

 

•  Classical solution: one plane wave 
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n1(~x, 0) = �n cos(!pt� ~p · ~x)
~v1(~x, 0) = �~v cos(!pt� ~p · ~x)

<latexit sha1_base64="WgGKnSWgc7MOhRITeXcIn8R1psQ="></latexit><latexit sha1_base64="WgGKnSWgc7MOhRITeXcIn8R1psQ="></latexit><latexit sha1_base64="WgGKnSWgc7MOhRITeXcIn8R1psQ="></latexit><latexit sha1_base64="WgGKnSWgc7MOhRITeXcIn8R1psQ="></latexit>

!p =

s
p2

2m

✓
p2

2m
+ 2�!

◆

<latexit sha1_base64="CBnbJ5eY6F26D2P2kB/5f+kyqf8="></latexit>

n(~x, t) = n0 + n1(~x, t)
~v(~x, t) = ~v1(~x, t)

<latexit sha1_base64="zp2QF6iSsEJEiIPhv/f9/ZSr1Zs="></latexit><latexit sha1_base64="zp2QF6iSsEJEiIPhv/f9/ZSr1Zs="></latexit><latexit sha1_base64="zp2QF6iSsEJEiIPhv/f9/ZSr1Zs="></latexit><latexit sha1_base64="zp2QF6iSsEJEiIPhv/f9/ZSr1Zs="></latexit>

 (~x, t) =  0(t) + 1(~x, t)
<latexit sha1_base64="ud+EbQ4hG1qvAybEGpEo1CddnSs="></latexit><latexit sha1_base64="icfP+ZVYMR5Efgsk4uqk27UWiOE="></latexit><latexit sha1_base64="icfP+ZVYMR5Efgsk4uqk27UWiOE="></latexit><latexit sha1_base64="n3WnAJ+IkNZutNgzQnCLvqLT/NQ="></latexit>



One-mode perturbation	
•  Quantum behavior: occupation of modes grows exponentially  

within a resonance region 
 

 

•    imaginary:  stable modes 
•    real:             unstable modes 
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~k
<latexit sha1_base64="dp/13TPeKn4VgGjhtiA5rYDJ6a4="></latexit><latexit sha1_base64="rHEZIj2jZxvZR/fglYf8Lh01/Hs="></latexit><latexit sha1_base64="rHEZIj2jZxvZR/fglYf8Lh01/Hs="></latexit><latexit sha1_base64="mWzKxwuEcMsmxZftXomzwLD3EBk="></latexit>

~0
<latexit sha1_base64="ltpXKJVE5HsDB5azw2xGL/XE/TY="></latexit><latexit sha1_base64="iVEQU61wYS7Q3w91ZGWzy8+pNnM="></latexit><latexit sha1_base64="iVEQU61wYS7Q3w91ZGWzy8+pNnM="></latexit><latexit sha1_base64="0YJu7hrZvI/OFcEMOAzQ9ZVgh08="></latexit> ...<latexit sha1_base64="lrLNgT5wXjUmtEfej26pMch+dNk="></latexit><latexit sha1_base64="pUM2MuRtiPPK/G+nNrZWSBQZLfU="></latexit><latexit sha1_base64="pUM2MuRtiPPK/G+nNrZWSBQZLfU="></latexit><latexit sha1_base64="LO/jd6AAHVy5G3RjZaYp6kWcSrM="></latexit>

...<latexit sha1_base64="lrLNgT5wXjUmtEfej26pMch+dNk="></latexit><latexit sha1_base64="pUM2MuRtiPPK/G+nNrZWSBQZLfU="></latexit><latexit sha1_base64="pUM2MuRtiPPK/G+nNrZWSBQZLfU="></latexit><latexit sha1_base64="LO/jd6AAHVy5G3RjZaYp6kWcSrM="></latexit>

�~k + ~p
<latexit sha1_base64="FAqlbSWSdlwFX2QXWtVB7DAMbTM="></latexit><latexit sha1_base64="FAqlbSWSdlwFX2QXWtVB7DAMbTM="></latexit><latexit sha1_base64="FAqlbSWSdlwFX2QXWtVB7DAMbTM="></latexit><latexit sha1_base64="FAqlbSWSdlwFX2QXWtVB7DAMbTM="></latexit>

~p
<latexit sha1_base64="2xkQmsFUZw6/W9QdELRBPhUrNY4="></latexit><latexit sha1_base64="2xkQmsFUZw6/W9QdELRBPhUrNY4="></latexit><latexit sha1_base64="2xkQmsFUZw6/W9QdELRBPhUrNY4="></latexit><latexit sha1_base64="2xkQmsFUZw6/W9QdELRBPhUrNY4="></latexit>

✏~k~p = !k � !p + !|~k�~p|
<latexit sha1_base64="3/56smrDc2IJjlfLphAJjqv0eW4="></latexit><latexit sha1_base64="3/56smrDc2IJjlfLphAJjqv0eW4="></latexit><latexit sha1_base64="3/56smrDc2IJjlfLphAJjqv0eW4="></latexit><latexit sha1_base64="3/56smrDc2IJjlfLphAJjqv0eW4="></latexit>

� =

s✓
�!

�n

n
Q~p

~k

◆2

� 1

4
✏2~k~p

<latexit sha1_base64="1O7d8qV0V8ODzkQAEUOYeKEWf/8="></latexit>

�
<latexit sha1_base64="nKLtMYOoNT7p9aDR5UnS2ZJ/NcI=">AAAB7XicdVDLSgMxFL3js9ZX1aWbYBFcDTO1qMuCG5cV7APaoWTSTBubx5BkhFL6D25cKOLW/3Hn35hpK/g8EHI4517uvSdOOTM2CN69peWV1bX1wkZxc2t7Z7e0t980KtOENojiSrdjbChnkjYss5y2U02xiDltxaPL3G/dUW2Ykjd2nNJI4IFkCSPYOqnZHWAhcK9UDvxqkAP9JqE/+4MyLFDvld66fUUyQaUlHBvTCYPURhOsLSOcTovdzNAUkxEe0I6jEgtqosls2yk6dkofJUq7Jy2aqV87JlgYMxaxqxTYDs1PLxf/8jqZTS6iCZNpZqkk80FJxpFVKD8d9ZmmxPKxI5ho5nZFZIg1JtYFVHQhfF6K/ifNih+e+pXrarl2toijAIdwBCcQwjnU4Arq0AACt3APj/DkKe/Be/Ze5qVL3qLnAL7Be/0AlhmPGQ==</latexit>

�
<latexit sha1_base64="nKLtMYOoNT7p9aDR5UnS2ZJ/NcI=">AAAB7XicdVDLSgMxFL3js9ZX1aWbYBFcDTO1qMuCG5cV7APaoWTSTBubx5BkhFL6D25cKOLW/3Hn35hpK/g8EHI4517uvSdOOTM2CN69peWV1bX1wkZxc2t7Z7e0t980KtOENojiSrdjbChnkjYss5y2U02xiDltxaPL3G/dUW2Ykjd2nNJI4IFkCSPYOqnZHWAhcK9UDvxqkAP9JqE/+4MyLFDvld66fUUyQaUlHBvTCYPURhOsLSOcTovdzNAUkxEe0I6jEgtqosls2yk6dkofJUq7Jy2aqV87JlgYMxaxqxTYDs1PLxf/8jqZTS6iCZNpZqkk80FJxpFVKD8d9ZmmxPKxI5ho5nZFZIg1JtYFVHQhfF6K/ifNih+e+pXrarl2toijAIdwBCcQwjnU4Arq0AACt3APj/DkKe/Be/Ze5qVL3qLnAL7Be/0AlhmPGQ==</latexit>
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•  Evaporation of the classical state 

•  Take integral 

•  Duration of classicality 

Nev(t) =
X

~k

hN~k(t)i ' V

Z

�>0

d3k

(2⇡)3
hN~k(t)i

<latexit sha1_base64="jIepL1bjAAKWSv20r+PQKEgmTmI="></latexit><latexit sha1_base64="jIepL1bjAAKWSv20r+PQKEgmTmI="></latexit><latexit sha1_base64="jIepL1bjAAKWSv20r+PQKEgmTmI="></latexit><latexit sha1_base64="jIepL1bjAAKWSv20r+PQKEgmTmI="></latexit>

Nev ⇡ e2�0t
<latexit sha1_base64="y/GOFaPGF0EEYWCE1Ni+rSeovGI=">AAACDnicdVBNS8NAEN34WetX1aOXxSJ4Kkkt6LHgxZNUsFVoaphsJ3VxNwm7G7GE/AIv/hUvHhTx6tmb/8ZtreDng2Ee782wOy9MBdfGdd+cqemZ2bn50kJ5cWl5ZbWytt7RSaYYtlkiEnUWgkbBY2wbbgSepQpBhgJPw8uDkX96hUrzJD4xwxR7EgYxjzgDY6Wgsn0U5HhVUB/SVCXXNPeVpFic53XqD0BKCFxqiqBSdWsNdwT6m3i1cXerZIJWUHn1+wnLJMaGCdC667mp6eWgDGcCi7KfaUyBXcIAu5bGIFH38vE5Bd22Sp9GibIVGzpWv27kILUeytBOSjAX+qc3Ev/yupmJ9ns5j9PMYMw+HooyQU1CR9nQPlfIjBhaAkxx+1fKLkABMzbBsg3h81L6P+nUa95urX7cqDb3J3GUyCbZIjvEI3ukSQ5Ji7QJIzfkjjyQR+fWuXeenOeP0SlnsrNBvsF5eQeGYJu7</latexit>

�0 = �!
�n

n

��Q~p
~k

��
0

<latexit sha1_base64="VvhVs8QNcTiOws33iBZzUf0IINQ="></latexit>

tcl ⇡
1

�! �n
n

��Q~p
~k

��
0

<latexit sha1_base64="wirWYf8XV7M374yU0yogGrGSQhg="></latexit>

One-mode perturbation	



Conclusions	
•  Quantum mechanics is needed to describe quantum fields over 

timescales of order the relaxation time 
 
•  Axion dark matter can relax through gravitational self-interaction 

•  Quantify timescale of departure from classical field theory for a self-
gravitating homogeneous field and an inhomogeneous field with 
repulsive contact interactions 

•  Duration of classicality becomes shorter when there are 
inhomogeneities? Eg. Repulsive contact self-interactions: 

 Homogeneous    Homogeneous + perturbation 
 
 

•  Self-gravitating inhomogeneous field? Growth of perturbations in 
axion dark matter?  
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tcl = 1
<latexit sha1_base64="e0RxeYs31jNICHdthsCLr18SFtE=">AAAB/HicdVDLSgMxFM3UV62vapdugkVwVWa0YDdCwY3LCvYBnVIyaaYNTTJDckcYhvorblwo4tYPceffmGkr+DxwuYdz7iU3J4gFN+C6705hZXVtfaO4Wdra3tndK+8fdEyUaMraNBKR7gXEMMEVawMHwXqxZkQGgnWD6WXud2+ZNjxSN5DGbCDJWPGQUwJWGpYrMMx8LTEVM3yBfa5CSIflqluruznwb+LV5t2toiVaw/KbP4poIpkCKogxfc+NYZARDZwKNiv5iWExoVMyZn1LFZHMDLL58TN8bJURDiNtSwGeq183MiKNSWVgJyWBifnp5eJfXj+BsDHIuIoTYIouHgoTgSHCeRJ4xDWjIFJLCNXc3orphGhCweZVsiF8/hT/TzqnNe+s5l7Xq83GMo4iOkRH6AR56Bw10RVqoTaiKEX36BE9OXfOg/PsvCxGC85yp4K+wXn9ACCtlGU=</latexit>

tcl /
1

�! �n
n0

<latexit sha1_base64="lHASUqnJnebO4k/wzL7LrCZ2M5Q="></latexit>


