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Quantum Simulators

Bose Eistein Condensates



Quantum Simulators

• Homogeneous 

• Metastable 

• Relativistic



Homogeneous

Optical Box Traps

healing length

scattering length

⇠
<latexit sha1_base64="crTHQWw2mfCiJ69hgny5bD5zx6s=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmaiqLkFvXiMaBZIhtDT6UmadPcM3T1iGPIJXjwo4tUv8ubf2FkE1wcFj/eqqKoXJpxp43nvTm5hcWl5Jb9aWFvf2Nwqbu80dJwqQusk5rFqhVhTziStG2Y4bSWKYhFy2gyHFxO/eUuVZrG8MaOEBgL3JYsYwcZK15071i2WPLfi+ZUTH/0mvutNUYI5at3iW6cXk1RQaQjHWrd9LzFBhpVhhNNxoZNqmmAyxH3atlRiQXWQTU8dowOr9FAUK1vSoKn6dSLDQuuRCG2nwGagf3oT8S+vnZroLMiYTFJDJZktilKOTIwmf6MeU5QYPrIEE8XsrYgMsMLE2HQKNoTPT9H/pFF2/SO3fHVcqp7P48jDHuzDIfhwClW4hBrUgUAf7uERnhzuPDjPzsusNefMZ3bhG5zXD84rjic=</latexit>

transverse dimensions

as
<latexit sha1_base64="OGdkALpVYv/Ri/ijhPmI4AC6bAo=">AAAB6nicdVDJSgNBEK1xjXGLevTSGARPw0wUNbegF48RzQLJEGo6PUmTnp6hu0cIIZ/gxYMiXv0ib/6NnUVwfVDweK+KqnphKrg2nvfuLCwuLa+s5tby6xubW9uFnd26TjJFWY0mIlHNEDUTXLKa4UawZqoYxqFgjXBwOfEbd0xpnshbM0xZEGNP8ohTNFa6wY7uFIqeW/b88qlPfhPf9aYowhzVTuGt3U1oFjNpqECtW76XmmCEynAq2DjfzjRLkQ6wx1qWSoyZDkbTU8fk0CpdEiXKljRkqn6dGGGs9TAObWeMpq9/ehPxL6+Vmeg8GHGZZoZJOlsUZYKYhEz+Jl2uGDViaAlSxe2thPZRITU2nbwN4fNT8j+pl1z/2C1dnxQrF/M4crAPB3AEPpxBBa6gCjWg0IN7eIQnRzgPzrPzMmtdcOYze/ANzusHvvSOHQ==</latexit>

a?
<latexit sha1_base64="Ks+G0AS5V7LINVrSbWvGf2UkafE=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4GmaiqLkFvXiMYBZIhtDTqUma9Mw03T1CCPkILx4U8er3ePNv7CyC64OCx3tVVNULpeDaeN67k1taXlldy68XNja3tneKu3sNnWaKYZ2lIlWtkGoUPMG64UZgSyqkcSiwGQ6vpn7zDpXmaXJrRhKDmPYTHnFGjZWatNuRqGS3WPLciudXznzym/iuN0MJFqh1i2+dXsqyGBPDBNW67XvSBGOqDGcCJ4VOplFSNqR9bFua0Bh1MJ6dOyFHVumRKFW2EkNm6teJMY21HsWh7YypGeif3lT8y2tnJroIxjyRmcGEzRdFmSAmJdPfSY8rZEaMLKFMcXsrYQOqKDM2oYIN4fNT8j9plF3/xC3fnJaql4s48nAAh3AMPpxDFa6hBnVgMIR7eIQnRzoPzrPzMm/NOYuZffgG5/UD0EmP5Q==</latexit>

trap width L

⇠ << L
<latexit sha1_base64="cLI/nlWm0AekuNdnwkcyxbQcs1A=">AAAB7XicdVDLSgNBEOyNrxhfUY9eBoPgadmNogZyCHrx4CGCSYRkCbOT2WTM7MwyMyuGkH/w4kERr/6PN//GyUPwWdBQVHXT3RUmnGnjee9OZm5+YXEpu5xbWV1b38hvbtW1TBWhNSK5VNch1pQzQWuGGU6vE0VxHHLaCPtnY79xS5VmUlyZQUKDGHcFixjBxkr11h0rly/a+YLnljy/dOSj38R3vQkKMEO1nX9rdSRJYyoM4Vjrpu8lJhhiZRjhdJRrpZommPRxlzYtFTimOhhOrh2hPat0UCSVLWHQRP06McSx1oM4tJ0xNj390xuLf3nN1EQnwZCJJDVUkOmiKOXISDR+HXWYosTwgSWYKGZvRaSHFSbGBpSzIXx+iv4n9aLrH7jFy8NC5XQWRxZ2YBf2wYdjqMA5VKEGBG7gHh7hyZHOg/PsvExbM85sZhu+wXn9AGqCjwk=</latexit>

a? << ⇠
<latexit sha1_base64="53UY7jUHspBV34AHaKpUZZHuhbc=">AAAB83icdVDLSgNBEOyNrxhfUY9eBoPgadmNogZyCHrxGMGYQHYJs5PZZMjs7DAzK4aQ3/DiQRGv/ow3/8bJQ/BZ0FBUddPdFUnOtPG8dye3sLi0vJJfLaytb2xuFbd3bnSaKUIbJOWpakVYU84EbRhmOG1JRXEScdqMBhcTv3lLlWapuDZDScME9wSLGcHGSgHuBJIqWa0Gd6xTLHluxfMrJz76TXzXm6IEc9Q7xbegm5IsocIQjrVu+5404Qgrwwin40KQaSoxGeAebVsqcEJ1OJrePEYHVumiOFW2hEFT9evECCdaD5PIdibY9PVPbyL+5bUzE5+FIyZkZqggs0VxxpFJ0SQA1GWKEsOHlmCimL0VkT5WmBgbU8GG8Pkp+p/clF3/yC1fHZdq5/M48rAH+3AIPpxCDS6hDg0gIOEeHuHJyZwH59l5mbXmnPnMLnyD8/oBMJCRzA==</latexit>



Metastable

*e.g. Comeron,Larcher,Dalfovo,Proukakis 1905.05263

2nd order phase 
transition* vacuum decay



Relativistic

cs ⌘ c
<latexit sha1_base64="FTTHrgi8OGXiVVDsyrwUZRJMOyk=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiB4GmaiqLkFvXiMYBaYDKGnU5M06ekeu3sCIeQzvHhQxKtf482/sbMIrg8KHu9VUVUvSjnTxvPendzS8srqWn69sLG5tb1T3N1raJkpCnUquVStiGjgTEDdMMOhlSogScShGQ2upn5zCEozKW7NKIUwIT3BYkaJsVJAO7oNdxkbYtopljy34vmVMx//Jr7rzVBCC9Q6xbd2V9IsAWEoJ1oHvpeacEyUYZTDpNDONKSEDkgPAksFSUCH49nJE3xklS6OpbIlDJ6pXyfGJNF6lES2MyGmr396U/EvL8hMfBGOmUgzA4LOF8UZx0bi6f+4yxRQw0eWEKqYvRXTPlGEGptSwYbw+Sn+nzTKrn/ilm9OS9XLRRx5dIAO0THy0TmqomtUQ3VEkUT36BE9OcZ5cJ6dl3lrzlnM7KNvcF4/AJhQkXg=</latexit>sound speed

expansion ⇠ ! ⇠(t)
<latexit sha1_base64="oWn3Dpxi2J0rkH7WPlY4DETtspo=">AAAB83icdVDLSgMxFM34rPVVdekmWIS6GWaqqN0V3bisYB/QGUomzbShmWRI7oil9DfcuFDErT/jzr8xfQg+D9zL4Zx7yc2JUsENeN67s7C4tLyymlvLr29sbm0XdnYbRmWasjpVQulWRAwTXLI6cBCslWpGkkiwZjS4nPjNW6YNV/IGhikLE9KTPOaUgJWC4I4HoGwvwVGnUPTciudXTn38m/iuN0URzVHrFN6CrqJZwiRQQYxp+14K4Yho4FSwcT7IDEsJHZAea1sqScJMOJrePMaHVuniWGlbEvBU/boxIokxwySykwmBvvnpTcS/vHYG8Xk44jLNgEk6eyjOBAaFJwHgLteMghhaQqjm9lZM+0QTCjamvA3h86f4f9Iou/6xW74+KVYv5nHk0D46QCXkozNURVeohuqIohTdo0f05GTOg/PsvMxGF5z5zh76Buf1AyL+kcI=</latexit>

a? ! a?(t)
<latexit sha1_base64="Fdh7hxdxeTs/y8xgmJOTLUiyaRQ=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1iEuilJFbW7ohuXFewDmhAm00k7dDIZZiZCCQV/xY0LRdz6He78G6dtBJ8HLhzOuZd77wkFo0o7zrtVWFhcWl4prpbW1jc2t+ztnbZKUolJCycskd0QKcIoJy1NNSNdIQmKQ0Y64ehy6nduiVQ04Td6LIgfowGnEcVIGymw91DgCSKFpxOY04o+CuyyU607bv3Uhb+JW3VmKIMczcB+8/oJTmPCNWZIqZ7rCO1nSGqKGZmUvFQRgfAIDUjPUI5iovxsdv4EHhqlD6NEmuIaztSvExmKlRrHoemMkR6qn95U/MvrpTo69zPKRaoJx/NFUcqg+XWaBexTSbBmY0MQltTcCvEQSYS1SaxkQvj8FP5P2rWqe1ytXZ+UGxd5HEWwDw5ABbjgDDTAFWiCFsAgA/fgETxZd9aD9Wy9zFsLVj6zC77Bev0AHpSVmQ==</latexit>

cs = 1/m⇠
<latexit sha1_base64="1Avv93LGAUDitCXRMJOx5hnB6Vc=">AAAB8XicdVDJSgNBEK2JW4xb1KOXxiB4GmeiqDkIQS8eI5gFkyH0dDpJk+6eobtHDEP+wosHRbz6N978GzuL4Pqg4PFeFVX1wpgzbTzv3cnMzS8sLmWXcyura+sb+c2tmo4SRWiVRDxSjRBrypmkVcMMp41YUSxCTuvh4GLs12+p0iyS12YY00DgnmRdRrCx0g1p6zP/QLTuWDtf8NyS55eOffSb+K43QQFmqLTzb61ORBJBpSEca930vdgEKVaGEU5HuVaiaYzJAPdo01KJBdVBOrl4hPas0kHdSNmSBk3UrxMpFloPRWg7BTZ9/dMbi395zcR0T4OUyTgxVJLpom7CkYnQ+H3UYYoSw4eWYKKYvRWRPlaYGBtSzobw+Sn6n9SKrn/oFq+OCuXzWRxZ2IFd2AcfTqAMl1CBKhCQcA+P8ORo58F5dl6mrRlnNrMN3+C8fgBGcpCs</latexit>



Toy model*

•Magnetic field-two Zeeman levels 
•RF field mixing 
•Modulation of the RF field 
•Collisions

✏
<latexit sha1_base64="vC+W4B5R2w1VU1fLE8biENaBzqA=">AAAB73icdVDJSgNBEK1xjXGLevTSGARPw0wUNbegF48RzALJEHo6NUmTnp6xu0cIIT/hxYMiXv0db/6NnUVwfVDweK+KqnphKrg2nvfuLCwuLa+s5tby6xubW9uFnd26TjLFsMYSkahmSDUKLrFmuBHYTBXSOBTYCAeXE79xh0rzRN6YYYpBTHuSR5xRY6VmG1PNRSI7haLnlj2/fOqT38R3vSmKMEe1U3hrdxOWxSgNE1Trlu+lJhhRZTgTOM63M40pZQPaw5alksaog9H03jE5tEqXRImyJQ2Zql8nRjTWehiHtjOmpq9/ehPxL6+Vmeg8GHGZZgYlmy2KMkFMQibPky5XyIwYWkKZ4vZWwvpUUWZsRHkbwuen5H9SL7n+sVu6PilWLuZx5GAfDuAIfDiDClxBFWrAQMA9PMKTc+s8OM/Oy6x1wZnP7ME3OK8fvxeQcg==</latexit>

�
<latexit sha1_base64="FflYbD9Sc22K8cdSTQL8sCZQQ6Q=">AAAB7nicdVDLSgMxFL1TX7W+qi7dBIvgapiponZXdOOygn1AO5RMJtOGZpIhyQhl6Ee4caGIW7/HnX9j+hB8HggczjmX3HvClDNtPO/dKSwtr6yuFddLG5tb2zvl3b2WlpkitEkkl6oTYk05E7RpmOG0kyqKk5DTdji6mvrtO6o0k+LWjFMaJHggWMwINlZq97iNRrhfrnhuzfNrZz76TXzXm6ECCzT65bdeJEmWUGEIx1p3fS81QY6VYYTTSamXaZpiMsID2rVU4ITqIJ+tO0FHVolQLJV9wqCZ+nUix4nW4yS0yQSbof7pTcW/vG5m4osgZyLNDBVk/lGccWQkmt6OIqYoMXxsCSaK2V0RGWKFibENlWwJn5ei/0mr6vonbvXmtFK/XNRRhAM4hGPw4RzqcA0NaAKBEdzDIzw5qfPgPDsv82jBWczswzc4rx+vC4/P</latexit>

Spinor gas model of Fialko et al:
 i

<latexit sha1_base64="iyKuvOrnbxeXabQtKiAgSF6i2Ls=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiB4GmZiUHMLevEYwSyQDKGn05O06ekeunuEMOQfvHhQxKv/482/sbMIrg8KHu9VUVUvTDjTxvPendzS8srqWn69sLG5tb1T3N1rapkqQhtEcqnaIdaUM0EbhhlO24miOA45bYWjy6nfuqNKMyluzDihQYwHgkWMYGOlZjfRrMd6xZLnVj2/euqj38R3vRlKsEC9V3zr9iVJYyoM4Vjrju8lJsiwMoxwOil0U00TTEZ4QDuWChxTHWSzayfoyCp9FEllSxg0U79OZDjWehyHtjPGZqh/elPxL6+Tmug8yJhIUkMFmS+KUo6MRNPXUZ8pSgwfW4KJYvZWRIZYYWJsQAUbwuen6H/SLLv+iVu+rpRqF4s48nAAh3AMPpxBDa6gDg0gcAv38AhPjnQenGfnZd6acxYz+/ANzusHE0iPeA==</latexit>

g
<latexit sha1_base64="S6pwXNUho35DukwIoaAejljMc5g=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmaiqLkFvXhMwCyQDKGnU5O06Vno7hHCkC/w4kERr36SN//GziK4Pih4vFdFVT0/EVxpx3m3ckvLK6tr+fXCxubW9k5xd6+p4lQybLBYxLLtU4WCR9jQXAtsJxJp6Ats+aOrqd+6Q6l4HN3ocYJeSAcRDzij2kj1Qa9YcuyK41bOXPKbuLYzQwkWqPWKb91+zNIQI80EVarjOon2Mio1ZwInhW6qMKFsRAfYMTSiISovmx06IUdG6ZMglqYiTWbq14mMhkqNQ990hlQP1U9vKv7ldVIdXHgZj5JUY8Tmi4JUEB2T6dekzyUyLcaGUCa5uZWwIZWUaZNNwYTw+Sn5nzTLtntil+unperlIo48HMAhHIML51CFa6hBAxgg3MMjPFm31oP1bL3MW3PWYmYfvsF6/QA+yo09</latexit>

*Fialko, Opanchuk, Siderov, Drummond, Brand JPhys B (2017)

V =
g

2
( †

i )
2( i)

2 � µ † � g✏2 †Jx +
g✏2�2

4
( †Jy )

2

<latexit sha1_base64="H26OdXjtU1S8FdTjXfWVeOMevZw="></latexit>

H =

Z
d
n
xdt

✓
� 1

2m
 
†r2

 + V

◆

<latexit sha1_base64="YqxiwAG4ncHBPkFU73e18AzxgN8="></latexit>



Metastability

 i = ⇢1/2m (1± ✏�)e±'/2
<latexit sha1_base64="0OkvBKs1Qep9spggGaFl226RnJQ="></latexit>

VV (⇢,')
<latexit sha1_base64="tynxPJ2kHEGPh6QylLhEHPr0Hj4=">AAAB+HicbVBNS8NAEJ34WetHox69BItQQUpSBT0WvXisYD+gCWWz3bRLN7thd1Ooob/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMCxNGlXbdb2ttfWNza7uwU9zd2z8o2YdHLSVSiUkTCyZkJ0SKMMpJU1PNSCeRBMUhI+1wdDfz22MiFRX8UU8SEsRowGlEMdJG6tmlVsWXQ3Hhj5FMhvS8Z5fdqjuHs0q8nJQhR6Nnf/l9gdOYcI0ZUqrruYkOMiQ1xYxMi36qSILwCA1I11COYqKCbH741DkzSt+JhDTFtTNXf09kKFZqEoemM0Z6qJa9mfif1011dBNklCepJhwvFkUpc7RwZik4fSoJ1mxiCMKSmlsdPEQSYW2yKpoQvOWXV0mrVvUuq7WHq3L9No+jACdwChXw4BrqcA8NaAKGFJ7hFd6sJ+vFerc+Fq1rVj5zDH9gff4A9l+Sow==</latexit>



Relativistic

At leading order in epsilon, after scaling

SL = ✏2
Z

dnxdt

✓
�1

2
'̇2 + (r')2 + V (')

◆

<latexit sha1_base64="BtDdjzvSnc/s0b4QwlIwfTHzeIQ="></latexit>

SL[ ,  ̄] =

Z
dnxdt

⇣
�i ̄ ̇ �H

⌘

<latexit sha1_base64="9C5KLWMIqCPuEBRK2KGJEFzK4Qg="></latexit>

Action

 i = ⇢1/2m (1± ✏�)e±i'/2
<latexit sha1_base64="G49NjAKYjyBNS9c0CW/wJgTzrd4="></latexit>

(cs = 1)
<latexit sha1_base64="vxyVK3XVloRRqLoQPcoJUkUPSf4=">AAAB7nicdVDJSgNBEK1xjXGLevTSGIR4GaajqDkIQS8eI5gFkiH0dHqSJj09Q3ePEIZ8hBcPinj1e7z5N3YWwfVBweO9KqrqBYng2njeu7OwuLS8sppby69vbG5tF3Z2GzpOFWV1GotYtQKimeCS1Q03grUSxUgUCNYMhlcTv3nHlOaxvDWjhPkR6UseckqMlZol2tUX+KhbKHpuxcOVU4x+E+x6UxRhjlq38NbpxTSNmDRUEK3b2EuMnxFlOBVsnO+kmiWEDkmftS2VJGLaz6bnjtGhVXoojJUtadBU/TqRkUjrURTYzoiYgf7pTcS/vHZqwnM/4zJJDZN0tihMBTIxmvyOelwxasTIEkIVt7ciOiCKUGMTytsQPj9F/5NG2cXHbvnmpFi9nMeRg304gBJgOIMqXEMN6kBhCPfwCE9O4jw4z87LrHXBmc/swTc4rx98gI8G</latexit>

Klein-Gordon system-but beyond this limit?



Vacuum decay: BEC’s

h f |e�iĤt�iµN̂t| ii =
Z

D D ̄e�iSL[ , ̄]

<latexit sha1_base64="70ynLEGI8c9/qvmtl9lIaqzuMLs="></latexit>

S[ ,  ̄] =

Z
dnxd⌧

⇣
 ̄ ̇ �H( ,  ̄)

⌘

<latexit sha1_base64="f1nrCh2j79L0Y9GyI3Z4dHpqmbY="></latexit>

Vacuum decay in a non-relativistic system

In imaginary time

Euclidean action

Z(µ) =

Z
D D ̄e�S( , ̄)

<latexit sha1_base64="47qbIMWcDVtNaeUfCPVcHL6GuKw=">AAACGnicdVDLSgMxFM34rPU16tJNsAgtaJmponYhFHXhsqJ9YGcsmTTThmYeJBmhDP0ON/6KGxeKuBM3/o2ZaQs+DyQczrmXe+9xQkaFNIwPbWp6ZnZuPrOQXVxaXlnV19brIog4JjUcsIA3HSQIoz6pSSoZaYacIM9hpOH0TxO/cUu4oIF/JQchsT3U9alLMZJKauvmdd7yosKxRX0Jz6xQUPU7iKeM3MS7l/mE7ky0wrCt54xi2TDLByb8TcyikSIHxqi29TerE+DII77EDAnRMo1Q2jHikmJGhlkrEiREuI+6pKWojzwi7Dg9bQi3ldKBbsDVUxum6teOGHlCDDxHVXpI9sRPLxH/8lqRdI/smPphJImPR4PciEEZwCQn2KGcYMkGiiDMqdoV4h7iCEuVZlaFMLkU/k/qpaK5Vyxd7OcqJ+M4MmATbIE8MMEhqIBzUAU1gMEdeABP4Fm71x61F+11VDqljXs2wDdo75+xC6AW</latexit>



Decay Rates

� = V
����
det0S00[ b]

detS00[ fv]

����
�1/2 ✓

S[ b]

2⇡

◆N/2

e�S[ b]

<latexit sha1_base64="xjtwThNuDin39ZFAY7puzvpwO1o="></latexit>

S0[ b] = �S/� = 0
<latexit sha1_base64="kuMewlnvKN8jQha6ckbFObyUsUw=">AAACCXicdVDLSsNAFJ3UV62vqEs3g0V0FZMqaheFohuXldoHJCFMJtN26OTBzEQooVs3/oobF4q49Q/c+TdO2go+D1w4nHMv997jJ4wKaZrvWmFufmFxqbhcWlldW9/QN7faIk45Ji0cs5h3fSQIoxFpSSoZ6SacoNBnpOMPL3K/c0O4oHF0LUcJcUPUj2iPYiSV5OmwuW87iaCe79acgDCJYPNwSnK5Znp62TSqplU9seBvYhnmBGUwQ8PT35wgxmlIIokZEsK2zES6GeKSYkbGJScVJEF4iPrEVjRCIRFuNvlkDPeUEsBezFVFEk7UrxMZCoUYhb7qDJEciJ9eLv7l2ansnbkZjZJUkghPF/VSBmUM81hgQDnBko0UQZhTdSvEA8QRliq8kgrh81P4P2lXDOvIqFwdl+vnsziKYAfsggNggVNQB5egAVoAg1twDx7Bk3anPWjP2su0taDNZrbBN2ivH36DmZg=</latexit>

Where

Vacuum decay rate in a volume V
<latexit sha1_base64="biAlGgebwc5oFgzsiMLSrE5ce/M=">AAAB73icdVDJSgNBEK1xjXGLevTSGARPw0wUNbegF48RzALJEHo6naRJT8/YXSOEIT/hxYMiXv0db/6NnUVwfVDweK+KqnphIoVBz3t3FhaXlldWc2v59Y3Nre3Czm7dxKlmvMZiGetmSA2XQvEaCpS8mWhOo1DyRji8nPiNO66NiNUNjhIeRLSvRE8wilZqZm1GJamPO4Wi55Y9v3zqk9/Ed70pijBHtVN4a3djlkZcIZPUmJbvJRhkVKNgko/z7dTwhLIh7fOWpYpG3ATZ9N4xObRKl/RibUshmapfJzIaGTOKQtsZURyYn95E/Mtrpdg7DzKhkhS5YrNFvVQSjMnkedIVmjOUI0so08LeStiAasrQRpS3IXx+Sv4n9ZLrH7ul65Ni5WIeRw724QCOwIczqMAVVKEGDCTcwyM8ObfOg/PsvMxaF5z5zB58g/P6ATMZkBY=</latexit>



Instanton solutions

 ̇i =
1

2m
r2 i +

@V

@ i
<latexit sha1_base64="CuKLQ7h6O10yFdi8Sf1SjIzXdWc="></latexit>

 ̇i = � 1

2m
r2 i �

@V

@ i
<latexit sha1_base64="aQCS52SawraxoAAW+IjoaPBWSu4="></latexit>

 †
i 6=  ̄i

<latexit sha1_base64="Lg0za/wO6L724YFJLVvOfoIIioc=">AAACBnicdVDLSsNAFJ3UV62vqEsRBovgqiRV1O6KblxWsA9oYplMbtuhk0mYmQildOXGX3HjQhG3foM7/8ZJW8HngQuHc+7l3nuChDOlHefdys3NLywu5ZcLK6tr6xv25lZDxamkUKcxj2UrIAo4E1DXTHNoJRJIFHBoBoPzzG/egFQsFld6mIAfkZ5gXUaJNlLH3vUSxTrs2gtJrwfSE4C9gMipWujYRadUcdzKsYt/E7fkTFBEM9Q69psXxjSNQGjKiVJt10m0PyJSM8phXPBSBQmhA9KDtqGCRKD80eSNMd43Soi7sTQlNJ6oXydGJFJqGAWmMyK6r356mfiX105199QfMZGkGgSdLuqmHOsYZ5ngkEmgmg8NIVQycyumfSIJ1Sa5LITPT/H/pFEuuYel8uVRsXo2iyOPdtAeOkAuOkFVdIFqqI4oukX36BE9WXfWg/VsvUxbc9ZsZht9g/X6AVg4mQ0=</latexit>

 !  fv
<latexit sha1_base64="tCJA0ejZE3Rj+JsNbGf3EsHxryc=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCqzJTRe2u6MZlBfuAzjBk0kwbmmSGJFOoQ/FX3LhQxK3/4c6/MdNW8Hngcg/n3EtuTpgwqrTjvFuFhcWl5ZXiamltfWNzy97eaak4lZg0ccxi2QmRIowK0tRUM9JJJEE8ZKQdDi9zvz0iUtFY3OhxQnyO+oJGFCNtpMDe8xJFPR3nLcg8yWE0mgR22anUHLd26sLfxK04U5TBHI3AfvN6MU45ERozpFTXdRLtZ0hqihmZlLxUkQThIeqTrqECcaL8bHr9BB4apQejWJoSGk7VrxsZ4kqNeWgmOdID9dPLxb+8bqqjcz+jIkk1EXj2UJQyqGOYRwF7VBKs2dgQhCU1t0I8QBJhbQIrmRA+fwr/J61qxT2uVK9PyvWLeRxFsA8OwBFwwRmogyvQAE2AwS24B4/gybqzHqxn62U2WrDmO7vgG6zXD3O3leI=</latexit>

Where

For vacuum decay we must have

D D ̄
<latexit sha1_base64="lUC4z3exagmHjIur5WptCFDgoYU=">AAAB+HicdVDLSsNAFL2pr1ofjbp0M1gEVyGponZXtAuXFewDmlAm00k7dPJgZiLU0C9x40IRt36KO//GSVvB54ELh3Pu5d57/IQzqWz73SgsLa+srhXXSxubW9tlc2e3LeNUENoiMY9F18eSchbRlmKK024iKA59Tjv++DL3O7dUSBZHN2qSUC/Ew4gFjGClpb5ZbriJZKjh+ljkrG9WbKtmO7VTB/0mjmXPUIEFmn3zzR3EJA1ppAjHUvYcO1FehoVihNNpyU0lTTAZ4yHtaRrhkEovmx0+RYdaGaAgFroihWbq14kMh1JOQl93hliN5E8vF//yeqkKzr2MRUmqaETmi4KUIxWjPAU0YIISxSeaYCKYvhWRERaYKJ1VSYfw+Sn6n7SrlnNsVa9PKvWLRRxF2IcDOAIHzqAOV9CEFhBI4R4e4cm4Mx6MZ+Nl3lowFjN78A3G6weonpMc</latexit>

‘Rotate’ the contour in



Klein-Gordon limit

' = '(
p

x2 + ⌧2)
<latexit sha1_base64="mhB8M3tWL/33bckwUHg81G8KevQ=">AAACEnicdVDJSgNBEO2JW4xb1KOXxiAkCGEmipqDEPTiMYJZIDMJPZ2epEnPYndNMAzzDV78FS8eFPHqyZt/42QRXB8U9Xiviu56diC4Al1/11Jz8wuLS+nlzMrq2vpGdnOrrvxQUlajvvBl0yaKCe6xGnAQrBlIRlxbsIY9OB/7jSGTivveFYwCZrmk53GHUwKJ1MkWzCGRQZ+fznreVNcSosi0HXwTt0v7JpCwXYoLmU42pxfLulE+MvBvYhT1CXJohmon+2Z2fRq6zAMqiFItQw/AiogETgWLM2aoWEDogPRYK6EecZmyoslJMd5LlC52fJmUB3iift2IiKvUyLWTSZdAX/30xuJfXisE58SKuBeEwDw6fcgJBQYfj/PBXS4ZBTFKCKGSJ3/FtE8koZCkOA7h81L8P6mXisZBsXR5mKuczeJIox20i/LIQMeogi5QFdUQRbfoHj2iJ+1Oe9CetZfpaEqb7Wyjb9BePwAhD52+</latexit>

Take

False vacuum ' ! ⇡
<latexit sha1_base64="u/W0ewgRpGID2yIcf8zjgRnoZQ8=">AAAB9HicdVDJSgNBEO2JW4xb1KOXxiB4GmaiqLkFvXiMYBbIDKGn00ma9HSP3TWBMOQ7vHhQxKsf482/sbMIrg8KHu9VUVUvSgQ34HnvTm5peWV1Lb9e2Njc2t4p7u41jEo1ZXWqhNKtiBgmuGR14CBYK9GMxJFgzWh4NfWbI6YNV/IWxgkLY9KXvMcpASuFwYjoZMADUEHCO8WS51Y8v3Lm49/Ed70ZSmiBWqf4FnQVTWMmgQpiTNv3EggzooFTwSaFIDUsIXRI+qxtqSQxM2E2O3qCj6zSxT2lbUnAM/XrREZiY8ZxZDtjAgPz05uKf3ntFHoXYcZlkgKTdL6olwoMCk8TwF2uGQUxtoRQze2tmA6IJhRsTgUbwuen+H/SKLv+iVu+OS1VLxdx5NEBOkTHyEfnqIquUQ3VEUV36B49oidn5Dw4z87LvDXnLGb20Tc4rx+a3pKo</latexit>

O(n+1) symmetry

 i = ⇢1/2m (1± ✏�)e±'/2
<latexit sha1_base64="0OkvBKs1Qep9spggGaFl226RnJQ="></latexit>

� = �i'̇/⇢m
<latexit sha1_base64="4Z3pASck80V3KzQ6HOo/VY5xjnc=">AAACBHicdVDLSsNAFJ34rPUVddnNYBHcGJMqahdC0Y3LCvYBTQiT6aQZOpOEmUmhhC7c+CtuXCji1o9w5984fQg+D1w4nHPvzL0nSBmVyrbfjbn5hcWl5cJKcXVtfWPT3NpuyiQTmDRwwhLRDpAkjMakoahipJ0KgnjASCvoX4791oAISZP4Rg1T4nHUi2lIMVJa8s2SK2mPo/MD6nYT5Q6QSCN66Ioo8blvlm2rajvVEwf+Jo5lT1AGM9R9800/gjNOYoUZkrLj2KnyciQUxYyMim4mSYpwH/VIR9MYcSK9fHLECO5ppQvDROiKFZyoXydyxKUc8kB3cqQi+dMbi395nUyFZ15O4zRTJMbTj8KMQZXAcSKwSwXBig01QVhQvSvEERIIK51bUYfweSn8nzQrlnNkVa6Py7WLWRwFUAK7YB844BTUwBWogwbA4Bbcg0fwZNwZD8az8TJtnTNmMzvgG4zXDyuPmHQ=</latexit>

S = ✏2
Z

dnxd⌧

✓
1

2
'̇2 +

1

2
(r')2 + V (')

◆

<latexit sha1_base64="Um+Zob80nCMcibDMXcYETRFPQZc="></latexit>



Vacuum decay rates (2D)

� = Ae�⇢mR2
0Ŝ

<latexit sha1_base64="AnGAbiYiqmiyk7QesENC0QaTM4I=">AAACB3icdVDJSgNBEO1xN25Rj4I0BsGLw0wUNQfB5aDHuESFzDjUdDpJk+6ZobtHCENuXvwVLx4U8eovePNv7CyC64OCx3tVVNULE86Udpx3a2h4ZHRsfGIyNzU9MzuXn1+4UHEqCa2QmMfyKgRFOYtoRTPN6VUiKYiQ08uwddj1L2+oVCyOznU7ob6ARsTqjIA2UpBf9o5ACNjdp9fZuiebcSBOA+e66DVB47NOkC84dslxS1su/k1c2+mhgAYoB/k3rxaTVNBIEw5KVV0n0X4GUjPCaSfnpYomQFrQoFVDIxBU+Vnvjw5eNUoN12NpKtK4p36dyEAo1Rah6RSgm+qn1xX/8qqpru/4GYuSVNOI9BfVU451jLuh4BqTlGjeNgSIZOZWTJoggWgTXc6E8Pkp/p9cFG13wy6ebBb2DgZxTKAltILWkIu20R46RmVUQQTdonv0iJ6sO+vBerZe+q1D1mBmEX2D9foB75WYvA==</latexit>

Not quite O(3)
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Instanton

Decay exponent

R0 = ⇠/2✏
<latexit sha1_base64="u5zTQE6QbXNE+npxsmGm5rGep6U=">AAAB+nicdVDJSgNBEK1xjXFL9OilMQiexpkoag5C0IvHKGaBzBB6Oj1Jk56F7h41jPkULx4U8eqXePNv7EkiuD4oeLxXRVU9L+ZMKst6N2Zm5+YXFnNL+eWV1bX1QnGjIaNEEFonEY9Ey8OSchbSumKK01YsKA48Tpve4Czzm9dUSBaFV2oYUzfAvZD5jGClpU6heNmxTpxbtld2aCwZz7SSZVYsu3Joo9/ENq0xSjBFrVN4c7oRSQIaKsKxlG3bipWbYqEY4XSUdxJJY0wGuEfbmoY4oNJNx6eP0I5WusiPhK5QobH6dSLFgZTDwNOdAVZ9+dPLxL+8dqL8YzdlYZwoGpLJIj/hSEUoywF1maBE8aEmmAimb0WkjwUmSqeV1yF8for+J42yae+b5YuDUvV0GkcOtmAbdsGGI6jCOdSgDgRu4B4e4cm4Mx6MZ+Nl0jpjTGc24RuM1w/KUZO5</latexit>



Parametric instability

V =
1

4

✓
 ̄i i

⇢m
� 1

◆2

� ✏2

2

 ̄Jx 

⇢m
(1 + �! cos!t)

<latexit sha1_base64="/G5AJ6UfL2BqZjIQmY91cG7pajY="></latexit>

Andrew Grozek

False vacuum classically unstable (Braden, 
Johnson, Peiris,Weinfurtner 1712.02356)

�x < (800Hz/!)�1/2
<latexit sha1_base64="S7XSbul/YZng9Cj0yxumQ6n0E+U=">AAACDXicdVDLSgNBEJz1GeMr6tHLYBTiwbgbRRPwENRDjhFMDGRjmJ104uDM7jIzK8YlP+DFX/HiQRGv3r35N04egs+ChqKqm+4uL+RMadt+t8bGJyanphMzydm5+YXF1NJyVQWRpFChAQ9kzSMKOPOhopnmUAslEOFxOPMuj/r+2RVIxQL/VHdDaAjS8VmbUaKN1Eytu8fANcHXB5m8bceuFLh009t2AwEdsnkebznbuV4zlbazBdsp7Dn4N3Gy9gBpNEK5mXpzWwGNBPiacqJU3bFD3YiJ1Ixy6CXdSEFI6CXpQN1QnwhQjXjwTQ9vGKWF24E05Ws8UL9OxEQo1RWe6RREX6ifXl/8y6tHup1vxMwPIw0+HS5qRxzrAPejwS0mgWreNYRQycytmF4QSag2ASZNCJ+f4v9JNZd1drK5k9108XAURwKtojWUQQ7aR0VUQmVUQRTdonv0iJ6sO+vBerZehq1j1mhmBX2D9foBzfeaJg==</latexit>



Thermal/Vacuum

Z(T ) =

Z
D' e�S[']

<latexit sha1_base64="PP1RhGVc9Eal9VnDOkI0/eBsAx0=">AAACDHicdVDLSgMxFM34rPVVdekmWIQKOsxUwW6Eoi5cVuwLZ8aSSTNtaOZBkimUoR/gxl9x40IRt36AO//GTDuCzwMhJ+eeS+49bsSokIbxrs3Mzs0vLOaW8ssrq2vrhY3NpghjjkkDhyzkbRcJwmhAGpJKRtoRJ8h3GWm5g7O03hoSLmgY1OUoIo6PegH1KEZSSZ1C8bpU3zuxaSDhuT1EPOpTe5/cJAdXVvZ0xspl6BUjBfxNTH1yG0WQodYpvNndEMc+CSRmSAjLNCLpJIhLihkZ5+1YkAjhAeoRS9EA+UQ4yWSZMdxVShd6IVdHTTVRv3YkyBdi5LvK6SPZFz9rqfhXzYqlV3ESGkSxJAGefuTFDMoQpsnALuUESzZSBGFO1awQ9xFHWKr88iqEz03h/6RZ1s1DvXx5VKyeZnHkwDbYASVggmNQBRegBhoAg1twDx7Bk3anPWjP2svUOqNlPVvgG7TXD4n/mrM=</latexit>

Make the imaginary time variable periodic

⌧
<latexit sha1_base64="Wa8bCywmcQCIXorlDsXU45DPVf0=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM120y7d3YTdiVBC/4IXD4p49Q9589+YtDlo64OBx3szzMwLYiksuu63s7a+sbm1Xdop7+7tHxxWjo7bNkoM4y0Wych0A2q5FJq3UKDk3dhwqgLJO8HkLvc7T9xYEelHnMbcV3SkRSgYxVzqI00Glapbc+cgq8QrSBUKNAeVr/4wYoniGpmk1vY8N0Y/pQYFk3xW7ieWx5RN6Ij3Mqqp4tZP57fOyHmmDEkYmaw0krn6eyKlytqpCrJORXFsl71c/M/rJRje+KnQcYJcs8WiMJEEI5I/TobCcIZymhHKjMhuJWxMDWWYxVPOQvCWX14l7XrNu6zVH66qjdsijhKcwhlcgAfX0IB7aEILGIzhGV7hzVHOi/PufCxa15xi5gT+wPn8ASJ7jkw=</latexit>

'(x, ⌧ + �) = '(x, ⌧)
<latexit sha1_base64="3TrFeuMVkeVH40gL5/v/FKCElFw=">AAACGnicdVDLSgNBEJz1GeNr1aOXwSBElLCrouYgBL14jGCMkA2hdzJrhsw+mOkVw5Lv8OKvePGgiDfx4t84iRF8FjQUVd10d/mJFBod580aG5+YnJrOzeRn5+YXFu2l5XMdp4rxGotlrC580FyKiNdQoOQXieIQ+pLX/e7xwK9fcaVFHJ1hL+HNEC4jEQgGaKSW7XpXoJKOKGaeH9Dr/paHkG56PkfYOPzL22jZBadUdtzynkt/E7fkDFEgI1Rb9ovXjlka8giZBK0brpNgMwOFgknez3up5gmwLlzyhqERhFw3s+FrfbpulDYNYmUqQjpUv05kEGrdC33TGQJ29E9vIP7lNVIMDpqZiJIUecQ+FgWppBjTQU60LRRnKHuGAFPC3EpZBxQwNGnmTQifn9L/yfl2yd0pbZ/uFipHozhyZJWskSJxyT6pkBNSJTXCyA25Iw/k0bq17q0n6/mjdcwazayQb7Be3wHV46DB</latexit>

⌧
<latexit sha1_base64="Wa8bCywmcQCIXorlDsXU45DPVf0=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM120y7d3YTdiVBC/4IXD4p49Q9589+YtDlo64OBx3szzMwLYiksuu63s7a+sbm1Xdop7+7tHxxWjo7bNkoM4y0Wych0A2q5FJq3UKDk3dhwqgLJO8HkLvc7T9xYEelHnMbcV3SkRSgYxVzqI00Glapbc+cgq8QrSBUKNAeVr/4wYoniGpmk1vY8N0Y/pQYFk3xW7ieWx5RN6Ij3Mqqp4tZP57fOyHmmDEkYmaw0krn6eyKlytqpCrJORXFsl71c/M/rJRje+KnQcYJcs8WiMJEEI5I/TobCcIZymhHKjMhuJWxMDWWYxVPOQvCWX14l7XrNu6zVH66qjdsijhKcwhlcgAfX0IB7aEILGIzhGV7hzVHOi/PufCxa15xi5gT+wPn8ASJ7jkw=</latexit>

⌧
<latexit sha1_base64="Wa8bCywmcQCIXorlDsXU45DPVf0=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM120y7d3YTdiVBC/4IXD4p49Q9589+YtDlo64OBx3szzMwLYiksuu63s7a+sbm1Xdop7+7tHxxWjo7bNkoM4y0Wych0A2q5FJq3UKDk3dhwqgLJO8HkLvc7T9xYEelHnMbcV3SkRSgYxVzqI00Glapbc+cgq8QrSBUKNAeVr/4wYoniGpmk1vY8N0Y/pQYFk3xW7ieWx5RN6Ij3Mqqp4tZP57fOyHmmDEkYmaw0krn6eyKlytqpCrJORXFsl71c/M/rJRje+KnQcYJcs8WiMJEEI5I/TobCcIZymhHKjMhuJWxMDWWYxVPOQvCWX14l7XrNu6zVH66qjdsijhKcwhlcgAfX0IB7aEILGIzhGV7hzVHOi/PufCxa15xi5gT+wPn8ASJ7jkw=</latexit>O(n)

<latexit sha1_base64="WxA/fLI4O5plbh+8ZPA+4wQLi3U=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXspuFfRY9OLNCvYD2qVk02wbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJreZ33miSrNIPpppTH2BR5KFjGCTSfdVeT4oV9yaOwdaJV5OKpCjOSh/9YcRSQSVhnCsdc9zY+OnWBlGOJ2V+ommMSYTPKI9SyUWVPvp/NYZOrPKEIWRsiUNmqu/J1IstJ6KwHYKbMZ62cvE/7xeYsJrP2UyTgyVZLEoTDgyEcoeR0OmKDF8agkmitlbERljhYmx8ZRsCN7yy6ukXa95F7X6w2WlcZPHUYQTOIUqeHAFDbiDJrSAwBie4RXeHOG8OO/Ox6K14OQzx/AHzucPO1qNtA==</latexit>

O(n+ 1)
<latexit sha1_base64="5LC0QDQz+DP1HKejxjCX/hHgRwE=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahIpTdKuix6MWbFewHtEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZF8ScaeO6305uZXVtfSO/Wdja3tndK+4fNLVMFKENIrlU7QBrypmgDcMMp+1YURwFnLaC0c3Ubz1RpZkUD2YcUz/CA8FCRrCxUvOuLM68016x5FbcGdAy8TJSggz1XvGr25ckiagwhGOtO54bGz/FyjDC6aTQTTSNMRnhAe1YKnBEtZ/Orp2gE6v0USiVLWHQTP09keJI63EU2M4Im6Fe9Kbif14nMeGVnzIRJ4YKMl8UJhwZiaavoz5TlBg+tgQTxeytiAyxwsTYgAo2BG/x5WXSrFa880r1/qJUu87iyMMRHEMZPLiEGtxCHRpA4BGe4RXeHOm8OO/Ox7w152Qzh/AHzucPEwCOJA==</latexit>



Thermal/Vacuum

vacuum

thermal

� = Ae�⇢mR2
0Ŝ

<latexit sha1_base64="AnGAbiYiqmiyk7QesENC0QaTM4I=">AAACB3icdVDJSgNBEO1xN25Rj4I0BsGLw0wUNQfB5aDHuESFzDjUdDpJk+6ZobtHCENuXvwVLx4U8eovePNv7CyC64OCx3tVVNULE86Udpx3a2h4ZHRsfGIyNzU9MzuXn1+4UHEqCa2QmMfyKgRFOYtoRTPN6VUiKYiQ08uwddj1L2+oVCyOznU7ob6ARsTqjIA2UpBf9o5ACNjdp9fZuiebcSBOA+e66DVB47NOkC84dslxS1su/k1c2+mhgAYoB/k3rxaTVNBIEw5KVV0n0X4GUjPCaSfnpYomQFrQoFVDIxBU+Vnvjw5eNUoN12NpKtK4p36dyEAo1Rah6RSgm+qn1xX/8qqpru/4GYuSVNOI9BfVU451jLuh4BqTlGjeNgSIZOZWTJoggWgTXc6E8Pkp/p9cFG13wy6ebBb2DgZxTKAltILWkIu20R46RmVUQQTdonv0iJ6sO+vBerZe+q1D1mBmEX2D9foB75WYvA==</latexit>



End
of part II


