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quantum tunneling or thermal transition of matter fields

Vacuum phase transition
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<latexit sha1_base64="VHHbSM/sWm1hC33GNH3ZLwL8G0I=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiB4GmaCaHILevEYIRskQ+jp9CRterqH7h4hDPkHLx4U8er/ePNv7CyC64OCx3tVVNULE8608bx3J7eyura+kd8sbG3v7O4V9w9aWqaK0CaRXKpOiDXlTNCmYYbTTqIojkNO2+H4aua376jSTIqGmSQ0iPFQsIgRbKzU6iUj1m/0iyXPrVTPq9Uy+k1815ujBEvU+8W33kCSNKbCEI617vpeYoIMK8MIp9NCL9U0wWSMh7RrqcAx1UE2v3aKTqwyQJFUtoRBc/XrRIZjrSdxaDtjbEb6pzcT//K6qYkqQcZEkhoqyGJRlHJkJJq9jgZMUWL4xBJMFLO3IjLCChNjAyrYED4/Rf+TVtn1Pde/OSvVLpdx5OEIjuEUfLiAGlxDHZpA4Bbu4RGeHOk8OM/Oy6I15yxnDuEbnNcPKzyPhw==</latexit><latexit sha1_base64="VHHbSM/sWm1hC33GNH3ZLwL8G0I=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiB4GmaCaHILevEYIRskQ+jp9CRterqH7h4hDPkHLx4U8er/ePNv7CyC64OCx3tVVNULE8608bx3J7eyura+kd8sbG3v7O4V9w9aWqaK0CaRXKpOiDXlTNCmYYbTTqIojkNO2+H4aua376jSTIqGmSQ0iPFQsIgRbKzU6iUj1m/0iyXPrVTPq9Uy+k1815ujBEvU+8W33kCSNKbCEI617vpeYoIMK8MIp9NCL9U0wWSMh7RrqcAx1UE2v3aKTqwyQJFUtoRBc/XrRIZjrSdxaDtjbEb6pzcT//K6qYkqQcZEkhoqyGJRlHJkJJq9jgZMUWL4xBJMFLO3IjLCChNjAyrYED4/Rf+TVtn1Pde/OSvVLpdx5OEIjuEUfLiAGlxDHZpA4Bbu4RGeHOk8OM/Oy6I15yxnDuEbnNcPKzyPhw==</latexit><latexit sha1_base64="VHHbSM/sWm1hC33GNH3ZLwL8G0I=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiB4GmaCaHILevEYIRskQ+jp9CRterqH7h4hDPkHLx4U8er/ePNv7CyC64OCx3tVVNULE8608bx3J7eyura+kd8sbG3v7O4V9w9aWqaK0CaRXKpOiDXlTNCmYYbTTqIojkNO2+H4aua376jSTIqGmSQ0iPFQsIgRbKzU6iUj1m/0iyXPrVTPq9Uy+k1815ujBEvU+8W33kCSNKbCEI617vpeYoIMK8MIp9NCL9U0wWSMh7RrqcAx1UE2v3aKTqwyQJFUtoRBc/XrRIZjrSdxaDtjbEb6pzcT//K6qYkqQcZEkhoqyGJRlHJkJJq9jgZMUWL4xBJMFLO3IjLCChNjAyrYED4/Rf+TVtn1Pde/OSvVLpdx5OEIjuEUfLiAGlxDHZpA4Bbu4RGeHOk8OM/Oy6I15yxnDuEbnNcPKzyPhw==</latexit><latexit sha1_base64="VHHbSM/sWm1hC33GNH3ZLwL8G0I=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiB4GmaCaHILevEYIRskQ+jp9CRterqH7h4hDPkHLx4U8er/ePNv7CyC64OCx3tVVNULE8608bx3J7eyura+kd8sbG3v7O4V9w9aWqaK0CaRXKpOiDXlTNCmYYbTTqIojkNO2+H4aua376jSTIqGmSQ0iPFQsIgRbKzU6iUj1m/0iyXPrVTPq9Uy+k1815ujBEvU+8W33kCSNKbCEI617vpeYoIMK8MIp9NCL9U0wWSMh7RrqcAx1UE2v3aKTqwyQJFUtoRBc/XrRIZjrSdxaDtjbEb6pzcT//K6qYkqQcZEkhoqyGJRlHJkJJq9jgZMUWL4xBJMFLO3IjLCChNjAyrYED4/Rf+TVtn1Pde/OSvVLpdx5OEIjuEUfLiAGlxDHZpA4Bbu4RGeHOk8OM/Oy6I15yxnDuEbnNcPKzyPhw==</latexit>
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<latexit sha1_base64="1o3k7VM5c5cLBq1vWV/yOvJLy54=">AAAB8XicdVDLSgMxFM34rPVVdekmWARXw0wRbXdFNy4r2Ae2Q8mkaRuaSUJyRyhD/8KNC0Xc+jfu/BvTh+DzwIXDOfdy7z2xFtxCELx7S8srq2vruY385tb2zm5hb79hVWooq1MllGnFxDLBJasDB8Fa2jCSxII149Hl1G/eMWO5kjcw1ixKyEDyPqcEnHTb0UPezUDpSbdQDPxy5axSKeHfJPSDGYpogVq38NbpKZomTAIVxNp2GGiIMmKAU8Em+U5qmSZ0RAas7agkCbNRNrt4go+d0sN9ZVxJwDP160RGEmvHSew6EwJD+9Obin957RT65SjjUqfAJJ0v6qcCg8LT93GPG0ZBjB0h1HB3K6ZDYggFF1LehfD5Kf6fNEp+GPjh9WmxerGII4cO0RE6QSE6R1V0hWqojiiS6B49oifPeg/es/cyb13yFjMH6Bu81w/GD5Gm</latexit><latexit sha1_base64="1o3k7VM5c5cLBq1vWV/yOvJLy54=">AAAB8XicdVDLSgMxFM34rPVVdekmWARXw0wRbXdFNy4r2Ae2Q8mkaRuaSUJyRyhD/8KNC0Xc+jfu/BvTh+DzwIXDOfdy7z2xFtxCELx7S8srq2vruY385tb2zm5hb79hVWooq1MllGnFxDLBJasDB8Fa2jCSxII149Hl1G/eMWO5kjcw1ixKyEDyPqcEnHTb0UPezUDpSbdQDPxy5axSKeHfJPSDGYpogVq38NbpKZomTAIVxNp2GGiIMmKAU8Em+U5qmSZ0RAas7agkCbNRNrt4go+d0sN9ZVxJwDP160RGEmvHSew6EwJD+9Obin957RT65SjjUqfAJJ0v6qcCg8LT93GPG0ZBjB0h1HB3K6ZDYggFF1LehfD5Kf6fNEp+GPjh9WmxerGII4cO0RE6QSE6R1V0hWqojiiS6B49oifPeg/es/cyb13yFjMH6Bu81w/GD5Gm</latexit><latexit sha1_base64="1o3k7VM5c5cLBq1vWV/yOvJLy54=">AAAB8XicdVDLSgMxFM34rPVVdekmWARXw0wRbXdFNy4r2Ae2Q8mkaRuaSUJyRyhD/8KNC0Xc+jfu/BvTh+DzwIXDOfdy7z2xFtxCELx7S8srq2vruY385tb2zm5hb79hVWooq1MllGnFxDLBJasDB8Fa2jCSxII149Hl1G/eMWO5kjcw1ixKyEDyPqcEnHTb0UPezUDpSbdQDPxy5axSKeHfJPSDGYpogVq38NbpKZomTAIVxNp2GGiIMmKAU8Em+U5qmSZ0RAas7agkCbNRNrt4go+d0sN9ZVxJwDP160RGEmvHSew6EwJD+9Obin957RT65SjjUqfAJJ0v6qcCg8LT93GPG0ZBjB0h1HB3K6ZDYggFF1LehfD5Kf6fNEp+GPjh9WmxerGII4cO0RE6QSE6R1V0hWqojiiS6B49oifPeg/es/cyb13yFjMH6Bu81w/GD5Gm</latexit><latexit sha1_base64="1o3k7VM5c5cLBq1vWV/yOvJLy54=">AAAB8XicdVDLSgMxFM34rPVVdekmWARXw0wRbXdFNy4r2Ae2Q8mkaRuaSUJyRyhD/8KNC0Xc+jfu/BvTh+DzwIXDOfdy7z2xFtxCELx7S8srq2vruY385tb2zm5hb79hVWooq1MllGnFxDLBJasDB8Fa2jCSxII149Hl1G/eMWO5kjcw1ixKyEDyPqcEnHTb0UPezUDpSbdQDPxy5axSKeHfJPSDGYpogVq38NbpKZomTAIVxNp2GGiIMmKAU8Em+U5qmSZ0RAas7agkCbNRNrt4go+d0sN9ZVxJwDP160RGEmvHSew6EwJD+9Obin957RT65SjjUqfAJJ0v6qcCg8LT93GPG0ZBjB0h1HB3K6ZDYggFF1LehfD5Kf6fNEp+GPjh9WmxerGII4cO0RE6QSE6R1V0hWqojiiS6B49oifPeg/es/cyb13yFjMH6Bu81w/GD5Gm</latexit>
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<latexit sha1_base64="nf0cjLWUEBWzNJF1fPix2o6eL1c=">AAAB63icdVDLSgNBEOyNrxhfUY9eBoPgadkNoskt6MVjBPOAZAmzk9nskJnZZWZWCCG/4MWDIl79IW/+jbNJBJ8FDUVVN91dYcqZNp737hRWVtfWN4qbpa3tnd298v5BWyeZIrRFEp6obog15UzSlmGG026qKBYhp51wfJX7nTuqNEvkrZmkNBB4JFnECDa51E9jNihXPLdWP6/Xq+g38V1vjgos0RyU3/rDhGSCSkM41rrne6kJplgZRjidlfqZpikmYzyiPUslFlQH0/mtM3RilSGKEmVLGjRXv05MsdB6IkLbKbCJ9U8vF//yepmJasGUyTQzVJLFoijjyCQofxwNmaLE8IklmChmb0UkxgoTY+Mp2RA+P0X/k3bV9T3XvzmrNC6XcRThCI7hFHy4gAZcQxNaQCCGe3iEJ0c4D86z87JoLTjLmUP4Buf1A85jjsA=</latexit><latexit sha1_base64="nf0cjLWUEBWzNJF1fPix2o6eL1c=">AAAB63icdVDLSgNBEOyNrxhfUY9eBoPgadkNoskt6MVjBPOAZAmzk9nskJnZZWZWCCG/4MWDIl79IW/+jbNJBJ8FDUVVN91dYcqZNp737hRWVtfWN4qbpa3tnd298v5BWyeZIrRFEp6obog15UzSlmGG026qKBYhp51wfJX7nTuqNEvkrZmkNBB4JFnECDa51E9jNihXPLdWP6/Xq+g38V1vjgos0RyU3/rDhGSCSkM41rrne6kJplgZRjidlfqZpikmYzyiPUslFlQH0/mtM3RilSGKEmVLGjRXv05MsdB6IkLbKbCJ9U8vF//yepmJasGUyTQzVJLFoijjyCQofxwNmaLE8IklmChmb0UkxgoTY+Mp2RA+P0X/k3bV9T3XvzmrNC6XcRThCI7hFHy4gAZcQxNaQCCGe3iEJ0c4D86z87JoLTjLmUP4Buf1A85jjsA=</latexit><latexit sha1_base64="nf0cjLWUEBWzNJF1fPix2o6eL1c=">AAAB63icdVDLSgNBEOyNrxhfUY9eBoPgadkNoskt6MVjBPOAZAmzk9nskJnZZWZWCCG/4MWDIl79IW/+jbNJBJ8FDUVVN91dYcqZNp737hRWVtfWN4qbpa3tnd298v5BWyeZIrRFEp6obog15UzSlmGG026qKBYhp51wfJX7nTuqNEvkrZmkNBB4JFnECDa51E9jNihXPLdWP6/Xq+g38V1vjgos0RyU3/rDhGSCSkM41rrne6kJplgZRjidlfqZpikmYzyiPUslFlQH0/mtM3RilSGKEmVLGjRXv05MsdB6IkLbKbCJ9U8vF//yepmJasGUyTQzVJLFoijjyCQofxwNmaLE8IklmChmb0UkxgoTY+Mp2RA+P0X/k3bV9T3XvzmrNC6XcRThCI7hFHy4gAZcQxNaQCCGe3iEJ0c4D86z87JoLTjLmUP4Buf1A85jjsA=</latexit><latexit sha1_base64="nf0cjLWUEBWzNJF1fPix2o6eL1c=">AAAB63icdVDLSgNBEOyNrxhfUY9eBoPgadkNoskt6MVjBPOAZAmzk9nskJnZZWZWCCG/4MWDIl79IW/+jbNJBJ8FDUVVN91dYcqZNp737hRWVtfWN4qbpa3tnd298v5BWyeZIrRFEp6obog15UzSlmGG026qKBYhp51wfJX7nTuqNEvkrZmkNBB4JFnECDa51E9jNihXPLdWP6/Xq+g38V1vjgos0RyU3/rDhGSCSkM41rrne6kJplgZRjidlfqZpikmYzyiPUslFlQH0/mtM3RilSGKEmVLGjRXv05MsdB6IkLbKbCJ9U8vF//yepmJasGUyTQzVJLFoijjyCQofxwNmaLE8IklmChmb0UkxgoTY+Mp2RA+P0X/k3bV9T3XvzmrNC6XcRThCI7hFHy4gAZcQxNaQCCGe3iEJ0c4D86z87JoLTjLmUP4Buf1A85jjsA=</latexit>
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<latexit sha1_base64="NGxb6M1vutYi52ow+Ev/2YxGRLA=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmaCaHILevGYgFkgGUJPpyZp07PQ3SOEIV/gxYMiXv0kb/6NnUVwfVDweK+Kqnp+IrjSjvNu5VZW19Y38puFre2d3b3i/kFLxalk2GSxiGXHpwoFj7CpuRbYSSTS0BfY9sdXM799h1LxOLrRkwS9kA4jHnBGtZEarX6x5NiV6nm1Wia/iWs7c5RgiXq/+NYbxCwNMdJMUKW6rpNoL6NScyZwWuilChPKxnSIXUMjGqLysvmhU3JilAEJYmkq0mSufp3IaKjUJPRNZ0j1SP30ZuJfXjfVQcXLeJSkGiO2WBSkguiYzL4mAy6RaTExhDLJza2EjaikTJtsCiaEz0/J/6RVtl3HdhtnpdrlMo48HMExnIILF1CDa6hDExgg3MMjPFm31oP1bL0sWnPWcuYQvsF6/QBtm41b</latexit><latexit sha1_base64="NGxb6M1vutYi52ow+Ev/2YxGRLA=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmaCaHILevGYgFkgGUJPpyZp07PQ3SOEIV/gxYMiXv0kb/6NnUVwfVDweK+Kqnp+IrjSjvNu5VZW19Y38puFre2d3b3i/kFLxalk2GSxiGXHpwoFj7CpuRbYSSTS0BfY9sdXM799h1LxOLrRkwS9kA4jHnBGtZEarX6x5NiV6nm1Wia/iWs7c5RgiXq/+NYbxCwNMdJMUKW6rpNoL6NScyZwWuilChPKxnSIXUMjGqLysvmhU3JilAEJYmkq0mSufp3IaKjUJPRNZ0j1SP30ZuJfXjfVQcXLeJSkGiO2WBSkguiYzL4mAy6RaTExhDLJza2EjaikTJtsCiaEz0/J/6RVtl3HdhtnpdrlMo48HMExnIILF1CDa6hDExgg3MMjPFm31oP1bL0sWnPWcuYQvsF6/QBtm41b</latexit><latexit sha1_base64="NGxb6M1vutYi52ow+Ev/2YxGRLA=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmaCaHILevGYgFkgGUJPpyZp07PQ3SOEIV/gxYMiXv0kb/6NnUVwfVDweK+Kqnp+IrjSjvNu5VZW19Y38puFre2d3b3i/kFLxalk2GSxiGXHpwoFj7CpuRbYSSTS0BfY9sdXM799h1LxOLrRkwS9kA4jHnBGtZEarX6x5NiV6nm1Wia/iWs7c5RgiXq/+NYbxCwNMdJMUKW6rpNoL6NScyZwWuilChPKxnSIXUMjGqLysvmhU3JilAEJYmkq0mSufp3IaKjUJPRNZ0j1SP30ZuJfXjfVQcXLeJSkGiO2WBSkguiYzL4mAy6RaTExhDLJza2EjaikTJtsCiaEz0/J/6RVtl3HdhtnpdrlMo48HMExnIILF1CDa6hDExgg3MMjPFm31oP1bL0sWnPWcuYQvsF6/QBtm41b</latexit><latexit sha1_base64="NGxb6M1vutYi52ow+Ev/2YxGRLA=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmaCaHILevGYgFkgGUJPpyZp07PQ3SOEIV/gxYMiXv0kb/6NnUVwfVDweK+Kqnp+IrjSjvNu5VZW19Y38puFre2d3b3i/kFLxalk2GSxiGXHpwoFj7CpuRbYSSTS0BfY9sdXM799h1LxOLrRkwS9kA4jHnBGtZEarX6x5NiV6nm1Wia/iWs7c5RgiXq/+NYbxCwNMdJMUKW6rpNoL6NScyZwWuilChPKxnSIXUMjGqLysvmhU3JilAEJYmkq0mSufp3IaKjUJPRNZ0j1SP30ZuJfXjfVQcXLeJSkGiO2WBSkguiYzL4mAy6RaTExhDLJza2EjaikTJtsCiaEz0/J/6RVtl3HdhtnpdrlMo48HMExnIILF1CDa6hDExgg3MMjPFm31oP1bL0sWnPWcuYQvsF6/QBtm41b</latexit>
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<latexit sha1_base64="nf0cjLWUEBWzNJF1fPix2o6eL1c=">AAAB63icdVDLSgNBEOyNrxhfUY9eBoPgadkNoskt6MVjBPOAZAmzk9nskJnZZWZWCCG/4MWDIl79IW/+jbNJBJ8FDUVVN91dYcqZNp737hRWVtfWN4qbpa3tnd298v5BWyeZIrRFEp6obog15UzSlmGG026qKBYhp51wfJX7nTuqNEvkrZmkNBB4JFnECDa51E9jNihXPLdWP6/Xq+g38V1vjgos0RyU3/rDhGSCSkM41rrne6kJplgZRjidlfqZpikmYzyiPUslFlQH0/mtM3RilSGKEmVLGjRXv05MsdB6IkLbKbCJ9U8vF//yepmJasGUyTQzVJLFoijjyCQofxwNmaLE8IklmChmb0UkxgoTY+Mp2RA+P0X/k3bV9T3XvzmrNC6XcRThCI7hFHy4gAZcQxNaQCCGe3iEJ0c4D86z87JoLTjLmUP4Buf1A85jjsA=</latexit><latexit sha1_base64="nf0cjLWUEBWzNJF1fPix2o6eL1c=">AAAB63icdVDLSgNBEOyNrxhfUY9eBoPgadkNoskt6MVjBPOAZAmzk9nskJnZZWZWCCG/4MWDIl79IW/+jbNJBJ8FDUVVN91dYcqZNp737hRWVtfWN4qbpa3tnd298v5BWyeZIrRFEp6obog15UzSlmGG026qKBYhp51wfJX7nTuqNEvkrZmkNBB4JFnECDa51E9jNihXPLdWP6/Xq+g38V1vjgos0RyU3/rDhGSCSkM41rrne6kJplgZRjidlfqZpikmYzyiPUslFlQH0/mtM3RilSGKEmVLGjRXv05MsdB6IkLbKbCJ9U8vF//yepmJasGUyTQzVJLFoijjyCQofxwNmaLE8IklmChmb0UkxgoTY+Mp2RA+P0X/k3bV9T3XvzmrNC6XcRThCI7hFHy4gAZcQxNaQCCGe3iEJ0c4D86z87JoLTjLmUP4Buf1A85jjsA=</latexit><latexit sha1_base64="nf0cjLWUEBWzNJF1fPix2o6eL1c=">AAAB63icdVDLSgNBEOyNrxhfUY9eBoPgadkNoskt6MVjBPOAZAmzk9nskJnZZWZWCCG/4MWDIl79IW/+jbNJBJ8FDUVVN91dYcqZNp737hRWVtfWN4qbpa3tnd298v5BWyeZIrRFEp6obog15UzSlmGG026qKBYhp51wfJX7nTuqNEvkrZmkNBB4JFnECDa51E9jNihXPLdWP6/Xq+g38V1vjgos0RyU3/rDhGSCSkM41rrne6kJplgZRjidlfqZpikmYzyiPUslFlQH0/mtM3RilSGKEmVLGjRXv05MsdB6IkLbKbCJ9U8vF//yepmJasGUyTQzVJLFoijjyCQofxwNmaLE8IklmChmb0UkxgoTY+Mp2RA+P0X/k3bV9T3XvzmrNC6XcRThCI7hFHy4gAZcQxNaQCCGe3iEJ0c4D86z87JoLTjLmUP4Buf1A85jjsA=</latexit><latexit sha1_base64="nf0cjLWUEBWzNJF1fPix2o6eL1c=">AAAB63icdVDLSgNBEOyNrxhfUY9eBoPgadkNoskt6MVjBPOAZAmzk9nskJnZZWZWCCG/4MWDIl79IW/+jbNJBJ8FDUVVN91dYcqZNp737hRWVtfWN4qbpa3tnd298v5BWyeZIrRFEp6obog15UzSlmGG026qKBYhp51wfJX7nTuqNEvkrZmkNBB4JFnECDa51E9jNihXPLdWP6/Xq+g38V1vjgos0RyU3/rDhGSCSkM41rrne6kJplgZRjidlfqZpikmYzyiPUslFlQH0/mtM3RilSGKEmVLGjRXv05MsdB6IkLbKbCJ9U8vF//yepmJasGUyTQzVJLFoijjyCQofxwNmaLE8IklmChmb0UkxgoTY+Mp2RA+P0X/k3bV9T3XvzmrNC6XcRThCI7hFHy4gAZcQxNaQCCGe3iEJ0c4D86z87JoLTjLmUP4Buf1A85jjsA=</latexit>
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<latexit sha1_base64="NGxb6M1vutYi52ow+Ev/2YxGRLA=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmaCaHILevGYgFkgGUJPpyZp07PQ3SOEIV/gxYMiXv0kb/6NnUVwfVDweK+Kqnp+IrjSjvNu5VZW19Y38puFre2d3b3i/kFLxalk2GSxiGXHpwoFj7CpuRbYSSTS0BfY9sdXM799h1LxOLrRkwS9kA4jHnBGtZEarX6x5NiV6nm1Wia/iWs7c5RgiXq/+NYbxCwNMdJMUKW6rpNoL6NScyZwWuilChPKxnSIXUMjGqLysvmhU3JilAEJYmkq0mSufp3IaKjUJPRNZ0j1SP30ZuJfXjfVQcXLeJSkGiO2WBSkguiYzL4mAy6RaTExhDLJza2EjaikTJtsCiaEz0/J/6RVtl3HdhtnpdrlMo48HMExnIILF1CDa6hDExgg3MMjPFm31oP1bL0sWnPWcuYQvsF6/QBtm41b</latexit><latexit sha1_base64="NGxb6M1vutYi52ow+Ev/2YxGRLA=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmaCaHILevGYgFkgGUJPpyZp07PQ3SOEIV/gxYMiXv0kb/6NnUVwfVDweK+Kqnp+IrjSjvNu5VZW19Y38puFre2d3b3i/kFLxalk2GSxiGXHpwoFj7CpuRbYSSTS0BfY9sdXM799h1LxOLrRkwS9kA4jHnBGtZEarX6x5NiV6nm1Wia/iWs7c5RgiXq/+NYbxCwNMdJMUKW6rpNoL6NScyZwWuilChPKxnSIXUMjGqLysvmhU3JilAEJYmkq0mSufp3IaKjUJPRNZ0j1SP30ZuJfXjfVQcXLeJSkGiO2WBSkguiYzL4mAy6RaTExhDLJza2EjaikTJtsCiaEz0/J/6RVtl3HdhtnpdrlMo48HMExnIILF1CDa6hDExgg3MMjPFm31oP1bL0sWnPWcuYQvsF6/QBtm41b</latexit><latexit sha1_base64="NGxb6M1vutYi52ow+Ev/2YxGRLA=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmaCaHILevGYgFkgGUJPpyZp07PQ3SOEIV/gxYMiXv0kb/6NnUVwfVDweK+Kqnp+IrjSjvNu5VZW19Y38puFre2d3b3i/kFLxalk2GSxiGXHpwoFj7CpuRbYSSTS0BfY9sdXM799h1LxOLrRkwS9kA4jHnBGtZEarX6x5NiV6nm1Wia/iWs7c5RgiXq/+NYbxCwNMdJMUKW6rpNoL6NScyZwWuilChPKxnSIXUMjGqLysvmhU3JilAEJYmkq0mSufp3IaKjUJPRNZ0j1SP30ZuJfXjfVQcXLeJSkGiO2WBSkguiYzL4mAy6RaTExhDLJza2EjaikTJtsCiaEz0/J/6RVtl3HdhtnpdrlMo48HMExnIILF1CDa6hDExgg3MMjPFm31oP1bL0sWnPWcuYQvsF6/QBtm41b</latexit><latexit sha1_base64="NGxb6M1vutYi52ow+Ev/2YxGRLA=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmaCaHILevGYgFkgGUJPpyZp07PQ3SOEIV/gxYMiXv0kb/6NnUVwfVDweK+Kqnp+IrjSjvNu5VZW19Y38puFre2d3b3i/kFLxalk2GSxiGXHpwoFj7CpuRbYSSTS0BfY9sdXM799h1LxOLrRkwS9kA4jHnBGtZEarX6x5NiV6nm1Wia/iWs7c5RgiXq/+NYbxCwNMdJMUKW6rpNoL6NScyZwWuilChPKxnSIXUMjGqLysvmhU3JilAEJYmkq0mSufp3IaKjUJPRNZ0j1SP30ZuJfXjfVQcXLeJSkGiO2WBSkguiYzL4mAy6RaTExhDLJza2EjaikTJtsCiaEz0/J/6RVtl3HdhtnpdrlMo48HMExnIILF1CDa6hDExgg3MMjPFm31oP1bL0sWnPWcuYQvsF6/QBtm41b</latexit>



Vacuum bubbles
• GW emission caused by bubble collisions


• Higgs metastability in (thermal) early Universe


• Vacuum decay seeded by black holes → constraints on PBH parameters or 
the parameters of Higgs potential

our Universe is SAFE

(spectral index)

(M
as

s 
of

 P
BH

) our Universe destroyed

Dai+ (2019)

picture: T. Hayashi

Degrassi et al. (2013)



Euclidean path integral
<latexit sha1_base64="TqoWDrDFwpb3381/JpJXHHY8Pf4="></latexit>Z

D�e�SE[�] ⇠ e�SE[�̄]

True

X

<latexit sha1_base64="626K98m7RiocQU9VsBN7H9Gt5RI=">AAAB83icdVDJSgNBEO1xjXGLevTSGARPw0yQaG5BETxGMAtkhtDT6Uma9PQM3dVCGPIbXjwo4tWf8ebf2FkE1wcFj/eqqKoXZYJr8Lx3Z2l5ZXVtvbBR3Nza3tkt7e23dGoUZU2ailR1IqKZ4JI1gYNgnUwxkkSCtaPR5dRv3zGleSpvYZyxMCEDyWNOCVgpCICYXh6oBF9NeqWy59Y8v1b18W/iu94MZbRAo1d6C/opNQmTQAXRuut7GYQ5UcCpYJNiYDTLCB2RAetaKknCdJjPbp7gY6v0cZwqWxLwTP06kZNE63ES2c6EwFD/9KbiX17XQHwe5lxmBpik80WxERhSPA0A97liFMTYEkIVt7diOiSKULAxFW0In5/i/0mr4vpVt3JzWq5fLOIooEN0hE6Qj85QHV2jBmoiijJ0jx7Rk2OcB+fZeZm3LjmLmQP0Dc7rB1K4keQ=</latexit>⌧E

False

Standard formulation of vacuum bubbles

Coleman (1977)
Callan and Coleman (1977)

<latexit sha1_base64="CLr1GVm85q6SKgYb9peq3rv3Y+I=">AAACDnicdVDLSsNAFJ3UV62vqEs3g6XgKiRS+9gVdeGyon1AEstkOmmHTh7MTIQS+gVu/BU3LhRx69qdf+OkjaCiBwYO59zL3HO8mFEhTfNDKywtr6yuFddLG5tb2zv67l5XRAnHpIMjFvG+hwRhNCQdSSUj/ZgTFHiM9LzJWeb3bgkXNAqv5TQmboBGIfUpRlJJA73i0FDC1MGIwfMZdOIxheQmpfDKzrirJBnBgV42jaZpNU/qcEEa1ZzUmtAyzDnKIEd7oL87wwgnAQklZkgI2zJj6aaIS4oZmZWcRJAY4QkaEVvREAVEuOk8zgxWlDKEfsTVU8fN1e8bKQqEmAaemgyQHIvfXib+5dmJ9BtuSsM4kSTEi4/8hEGVMOsGDiknWLKpIghzqm6FeIw4wlI1WFIlfCWF/5PusWHVjOpltdw6zesoggNwCI6ABeqgBS5AG3QABnfgATyBZ+1ee9RetNfFaEHLd/bBD2hvnwD1m30=</latexit>Z
D�eiS[�] !

<latexit sha1_base64="iZx6O4mUNTTk1w3W9xyvtLEeGQI=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYBHcOMxI7WNXdOOygn1AO5RMmmlDM5kxyRTK0O9w40IRt36MO//GtB1BRQ+EHM65l3vv8WPOlHacD2tldW19YzO3ld/e2d3bLxwctlSUSEKbJOKR7PhYUc4EbWqmOe3EkuLQ57Ttj6/nfntCpWKRuNPTmHohHgoWMIK1kTyNejpC58x8OOkXio5dc9zaZQUtSbWUkXINubazQBEyNPqF994gIklIhSYcK9V1nVh7KZaaEU5n+V6iaIzJGA9p11CBQ6q8dLH0DJ0aZYCCSJonNFqo3ztSHCo1DX1TGWI9Ur+9ufiX1010UPVSJuJEU0GWg4KEI3PoPAE0YJISzaeGYCKZ2RWREZaYaJNT3oTwdSn6n7QubLdsl25LxfpVFkcOjuEEzsCFCtThBhrQBAL38ABP8GxNrEfrxXpdlq5YWc8R/ID19gkaSJG0</latexit>

t ! �i⌧
(Wick rotation)

<latexit sha1_base64="FIdBS5w7wAuypCo7v83KjZZyi7Q="></latexit>

e�SE[�F ]+iV TAe�B

<latexit sha1_base64="jXkV/BRSTwj/gcxZO1rCxngcYE0=">AAACD3icdVDLSsNAFJ3UV62vqEs3g0VxFZJS+9iViuCyom2FJITJdNIOzcuZSaGE/oEbf8WNC0XcunXn3zhtIqjogYEz59x7Z+5xY59yoesfSmFpeWV1rbhe2tjc2t5Rd/d6PEoYJl0c+RG7cREnPg1JV1Dhk5uYERS4Pum747O5358QxmkUXotpTOwADUPqUYyElBz1uA0tcpvQCbxyUosF8HwGTSse0ezmJq6cNLMdtaxrTd1ontZhRhrVnNSa0ND0BcogR8dR361BhJOAhAL7iHPT0GNhp4gJiuXAkpVwEiM8RkNiShqigHA7Xewzg0dSGUAvYvKEAi7U7x0pCjifBq6sDJAY8d/eXPzLMxPhNeyUhnEiSIizh7zEhyKC83DggDKChT+VBGFG5V8hHiGGsJARlmQIX5vC/0mvohk1rXJZLbfaeRxFcAAOwQkwQB20wAXogC7A4A48gCfwrNwrj8qL8pqVFpS8Zx/8gPL2CZpTnHM=</latexit>

B ⌘ SE[�bubble]

<latexit sha1_base64="j8kDqRMK6PLDq15i1p5c8X53IUY="></latexit>

ImEfv = �V Ae�B
<latexit sha1_base64="FnqlkgkiJAIWRv2NKVFn/Hp4l2c=">AAACAXicdVBNS8MwGE7n15xfVS+Cl+AQPJV2zH0chKEXjxPcJqylpFm6hTVpSVJhlHnxr3jxoIhX/4U3/43ZVkFFXwh5eJ73eZP3CZKISmXbH0ZhaXllda24XtrY3NreMXf3ujJOBSYdHEexuAmQJBHlpKOoishNIghiQUR6wfhipvduiZA05tdqkhCPoSGnIcVIaco3D9xkROEZnF1+5goGgzTQ5qlvlm2raTvN0zpcgEY1B7UmdCx7XmWQV9s3391BjFNGuMIRkrLv2InyMiQUxXpeyU0lSRAeoyHpa8gRI9LL5htM4bFmBjCMhT5cwTn73ZEhJuWEBbqTITWSv7UZ+ZfWT1XY8DLKk1QRjhcPhWkEVQxnccABFQSraKIBwoLqv0I8QgJhpUMr6RC+NoX/g27FcmpW5apabp3ncRTBITgCJ8ABddACl6ANOgCDO/AAnsCzcW88Gi/G66K1YOSeffCjjLdPTWOW1w==</latexit>

� = �bubble



Why do we need the Lorentzian path integral?



Euclidean

Lorentzian

turning point

1. Is the junction of Euclidean and Lorentzian regions 
at the turning point (dR/dt = 0) verified?

WKB is not a good approximation 
at the turning point in general.

<latexit sha1_base64="Lj2jbFOVc/CoobmfI1O5DldY5ZQ=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgKiRS+9gV3bhswT6gDWUynbSjk0mYmYgl9AvcuFDErZ/kzr9x2kZQ0QMXDufcy733+DFnSjvOh5VbWV1b38hvFra2d3b3ivsHHRUlktA2iXgkez5WlDNB25ppTnuxpDj0Oe36t5dzv3tHpWKRuNbTmHohHgsWMIK1kVr3w2LJseuOWz+voiWplTNSqSPXdhYoQYbmsPg+GEUkCanQhGOl+q4Tay/FUjPC6awwSBSNMbnFY9o3VOCQKi9dHDpDJ0YZoSCSpoRGC/X7RIpDpaahbzpDrCfqtzcX//L6iQ5qXspEnGgqyHJRkHCkIzT/Go2YpETzqSGYSGZuRWSCJSbaZFMwIXx9iv4nnTPbrdjlVrnUuMjiyMMRHMMpuFCFBlxBE9pAgMIDPMGzdWM9Wi/W67I1Z2Uzh/AD1tsnc/SNZQ==</latexit>x

<latexit sha1_base64="Act1tyYhaC3KL0gahGhmGksSzpI=">AAAB63icdVDLSsNAFL3xWeur6tLNYBHqJiRS+9gV3bisYB/QhjKZTtqhM0mYmYil9BfcuFDErT/kzr9x0kZQ0QMXDufcy733+DFnSjvOh7Wyura+sZnbym/v7O7tFw4O2ypKJKEtEvFIdn2sKGchbWmmOe3GkmLhc9rxJ1ep37mjUrEovNXTmHoCj0IWMIJ1KrVL92eDQtGx645bv6iiJamVM1KpI9d2FihChuag8N4fRiQRNNSEY6V6rhNrb4alZoTTeb6fKBpjMsEj2jM0xIIqb7a4dY5OjTJEQSRNhRot1O8TMyyUmgrfdAqsx+q3l4p/eb1EBzVvxsI40TQky0VBwpGOUPo4GjJJieZTQzCRzNyKyBhLTLSJJ29C+PoU/U/a57Zbscs35WLjMosjB8dwAiVwoQoNuIYmtIDAGB7gCZ4tYT1aL9brsnXFymaO4Aest0/hm44q</latexit>

V (x)

<latexit sha1_base64="PNCmgFqXKQGLWtrrLQsOK6BZgkg=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0ik9uMiRRE8VjBtoQ1ls920SzebsLsRSulv8OJBEa/+IG/+G7dtBBV9MPB4b4aZeUHCmdKO82HlVlbX1jfym4Wt7Z3dveL+QUvFqSTUIzGPZSfAinImqKeZ5rSTSIqjgNN2ML6a++17KhWLxZ2eJNSP8FCwkBGsjeS10AW67hdLjl133Pp5FS1JrZyRSh25trNACTI0+8X33iAmaUSFJhwr1XWdRPtTLDUjnM4KvVTRBJMxHtKuoQJHVPnTxbEzdGKUAQpjaUpotFC/T0xxpNQkCkxnhPVI/fbm4l9eN9VhzZ8ykaSaCrJcFKYc6RjNP0cDJinRfGIIJpKZWxEZYYmJNvkUTAhfn6L/SevMdit2+bZcalxmceThCI7hFFyoQgNuoAkeEGDwAE/wbAnr0XqxXpetOSubOYQfsN4+Af33ji4=</latexit>

V > E
<latexit sha1_base64="sMn4yUL/cWOxG4+Ep7+MbKT62AQ=">AAAB63icdVDLSsNAFL2pr1pfVZduBovgKiRS+wAXRRFcVrAPaEOZTKft0JkkzEyEEvoLblwo4tYfcuffOGkjqOiBC4dz7uXee/yIM6Ud58PKrayurW/kNwtb2zu7e8X9g7YKY0loi4Q8lF0fK8pZQFuaaU67kaRY+Jx2/OlV6nfuqVQsDO70LKKewOOAjRjBOpXaF+h6UCw5dt1x6+dVtCS1ckYqdeTazgIlyNAcFN/7w5DEggaacKxUz3Ui7SVYakY4nRf6saIRJlM8pj1DAyyo8pLFrXN0YpQhGoXSVKDRQv0+kWCh1Ez4plNgPVG/vVT8y+vFelTzEhZEsaYBWS4axRzpEKWPoyGTlGg+MwQTycytiEywxESbeAomhK9P0f+kfWa7Fbt8Wy41LrM48nAEx3AKLlShATfQhBYQmMADPMGzJaxH68V6XbbmrGzmEH7AevsEpMuOAg==</latexit>

V < E

Is this okay??



2. negative mode problem

<latexit sha1_base64="TqoWDrDFwpb3381/JpJXHHY8Pf4="></latexit>Z
D�e�SE[�] ⇠ e�SE[�̄]

<latexit sha1_base64="FIdBS5w7wAuypCo7v83KjZZyi7Q="></latexit>

e�SE[�F ]+iV TAe�B

negative mode

Infinite number of negative modes could appear in the existence of gravity

(sensitive to the gauge choice)

e.g., G. V. Lavrelashvili, et al. (1985)

T. Tanaka and M. Sasaki (1992)


H. Lee and E. J. Weinberg (2014)

R. Jinno and R. Sato (2020)

Imaginary part of the energy eigenvalue of the false vacuum is uncertain.

S. W. Hawking and I. G. Moss (1982)

R. Gregory, I. G. Moss, N. O. (2020)

Thermal transition of a false vacuum is driven by thermal excitation.
(de Sitter)

(Schwarzschild-de Sitter)
Do we need to care the number of negative modes?

Lorentzian description of thermal transition (stochastic inflation) A. A. Starobinsky (1982)

A. Linde (1991)

A. A. Starobinsky and J. Yokoyama (1994)



<latexit sha1_base64="NKbeB9Q2h8K5en3dyjIWWe8gwDI="></latexit>

� = | |2 ' e�SE = e+
3⇡
G⇤

3. Euclidean path integral in the presence of 
gravity leads to unbounded action.

Wavefunction of the de Sitter universe with a cosmological constant
<latexit sha1_base64="4obMe+nYQEaKcgA8bwxvdIHPL5s=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBFchURqH7uiGxcuKtgHtKFMJpN26GQSZiZCCf0INy4Ucev3uPNvnLYRVPTAwOGcc5l7j59wprTjfFgrq2vrG5uFreL2zu7efungsKPiVBLaJjGPZc/HinImaFszzWkvkRRHPqddf3I197v3VCoWizs9TagX4ZFgISNYG6k7uDHRAA9LZcduOG7jooaWpF7JSbWBXNtZoAw5WsPS+yCISRpRoQnHSvVdJ9FehqVmhNNZcZAqmmAywSPaN1TgiCovW6w7Q6dGCVAYS/OERgv1+0SGI6WmkW+SEdZj9dubi395/VSHdS9jIkk1FWT5UZhypGM0vx0FTFKi+dQQTCQzuyIyxhITbRoqmhK+LkX/k8657Vbtym2l3LzM6yjAMZzAGbhQgyZcQwvaQGACD/AEz1ZiPVov1usyumLlM0fwA9bbJ5lRj8Y=</latexit>

⇤

c.f. A. Vilenkin (1983)

J. B. Hartle and S. W. Hawking (1983)
<latexit sha1_base64="4obMe+nYQEaKcgA8bwxvdIHPL5s=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBFchURqH7uiGxcuKtgHtKFMJpN26GQSZiZCCf0INy4Ucev3uPNvnLYRVPTAwOGcc5l7j59wprTjfFgrq2vrG5uFreL2zu7efungsKPiVBLaJjGPZc/HinImaFszzWkvkRRHPqddf3I197v3VCoWizs9TagX4ZFgISNYG6k7uDHRAA9LZcduOG7jooaWpF7JSbWBXNtZoAw5WsPS+yCISRpRoQnHSvVdJ9FehqVmhNNZcZAqmmAywSPaN1TgiCovW6w7Q6dGCVAYS/OERgv1+0SGI6WmkW+SEdZj9dubi395/VSHdS9jIkk1FWT5UZhypGM0vx0FTFKi+dQQTCQzuyIyxhITbRoqmhK+LkX/k8657Vbtym2l3LzM6yjAMZzAGbhQgyZcQwvaQGACD/AEz1ZiPVov1usyumLlM0fwA9bbJ5lRj8Y=</latexit>

⇤

<latexit sha1_base64="PUTR9IrmEl/sxDjkXEdtby94ZFo=">AAAB8HicdVDLSsNAFL2pr1pfVZduBovgKiRS+9gVRXBZ0T6kDWUyndShM0mYmQgl9CvcuFDErZ/jzr9x2kZQ0QMXDufcy733+DFnSjvOh5VbWl5ZXcuvFzY2t7Z3irt7bRUlktAWiXgkuz5WlLOQtjTTnHZjSbHwOe344/OZ37mnUrEovNGTmHoCj0IWMIK1kW6vB2lfCnQxHRRLjl133PppFS1IrZyRSh25tjNHCTI0B8X3/jAiiaChJhwr1XOdWHsplpoRTqeFfqJojMkYj2jP0BALqrx0fvAUHRlliIJImgo1mqvfJ1IslJoI33QKrO/Ub28m/uX1Eh3UvJSFcaJpSBaLgoQjHaHZ92jIJCWaTwzBRDJzKyJ3WGKiTUYFE8LXp+h/0j6x3YpdviqXGmdZHHk4gEM4Bheq0IBLaEILCAh4gCd4tqT1aL1Yr4vWnJXN7MMPWG+f71KQhw==</latexit>

SE

A. Vilenkin (1983)



4. Is the Wick rotation with gravity
<latexit sha1_base64="aEfHEJZ2eNO44KS0ZK6EYkVMH28=">AAACF3icdVDLSgMxFM34rPU16tJNsAiCOMxI7WNl0Y3LCvYBnVIyadqGZh4kd8Qy9C/c+CtuXCjiVnf+jWk7ghY9EO7hnHu5uceLBFdg25/GwuLS8spqZi27vrG5tW3u7NZVGEvKajQUoWx6RDHBA1YDDoI1I8mI7wnW8IaXE79xy6TiYXADo4i1fdIPeI9TAlrqmBZgF0J8wnUhMXZ1YXeQhHKs+fGcej7umDnbKttO+ayIZ6SUT0mhjB3LniKHUlQ75ofbDWnsswCoIEq1HDuCdkIkcCrYOOvGikWEDkmftTQNiM9UO5neNcaHWuniXij1CwBP1Z8TCfGVGvme7vQJDNS8NxH/8lox9ErthAdRDCygs0W9WGCdxCQk3OWSURAjTQiVXP8V0wGRhIKOMqtD+L4U/0/qp5ZTsPLX+VzlIo0jg/bRATpCDiqiCrpCVVRDFN2jR/SMXowH48l4Nd5mrQtGOrOHfsF4/wIOKp6v</latexit>

t ! �i⌧ or + i⌧ ?

action of matter fields is bounded below for action of gravity is bounded below for

<latexit sha1_base64="iZx6O4mUNTTk1w3W9xyvtLEeGQI=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYBHcOMxI7WNXdOOygn1AO5RMmmlDM5kxyRTK0O9w40IRt36MO//GtB1BRQ+EHM65l3vv8WPOlHacD2tldW19YzO3ld/e2d3bLxwctlSUSEKbJOKR7PhYUc4EbWqmOe3EkuLQ57Ttj6/nfntCpWKRuNPTmHohHgoWMIK1kTyNejpC58x8OOkXio5dc9zaZQUtSbWUkXINubazQBEyNPqF994gIklIhSYcK9V1nVh7KZaaEU5n+V6iaIzJGA9p11CBQ6q8dLH0DJ0aZYCCSJonNFqo3ztSHCo1DX1TGWI9Ur+9ufiX1010UPVSJuJEU0GWg4KEI3PoPAE0YJISzaeGYCKZ2RWREZaYaJNT3oTwdSn6n7QubLdsl25LxfpVFkcOjuEEzsCFCtThBhrQBAL38ABP8GxNrEfrxXpdlq5YWc8R/ID19gkaSJG0</latexit>

t ! �i⌧
<latexit sha1_base64="1gAEzlIUsP6Ds89Fy6s2jhyZ3wY=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYBEEYZiR2seu6MZlBfuAdiiZNNOGZjJjkimUod/hxoUibv0Yd/6NaTuCih4IOZxzL/fe48ecKe04H9bK6tr6xmZuK7+9s7u3Xzg4bKkokYQ2ScQj2fGxopwJ2tRMc9qJJcWhz2nbH1/P/faESsUicaenMfVCPBQsYARrI3ka9XSEzpn5cNIvFB275ri1ywpakmopI+Uacm1ngSJkaPQL771BRJKQCk04VqrrOrH2Uiw1I5zO8r1E0RiTMR7SrqECh1R56WLpGTo1ygAFkTRPaLRQv3ekOFRqGvqmMsR6pH57c/Evr5vooOqlTMSJpoIsBwUJR+bQeQJowCQlmk8NwUQysysiIywx0SanvAnh61L0P2ld2G7ZLt2WivWrLI4cHMMJnIELFajDDTSgCQTu4QGe4NmaWI/Wi/W6LF2xsp4j+AHr7RMXNJGy</latexit>

t ! +i⌧

<latexit sha1_base64="xJEouC5s4MM6y1EJgjxy7/N8wVA=">AAACJXicdVDLSgMxFM3UV62vUZdugkUQhDIjtQ9QKLqwG6GCfUA7lEyatqGZzJBkhDLMz7jxV9y4sIjgyl8xbUewRQ8EDuecy809bsCoVJb1aaRWVtfWN9Kbma3tnd09c/+gIf1QYFLHPvNFy0WSMMpJXVHFSCsQBHkuI013dDP1m49ESOrzBzUOiOOhAad9ipHSUte8jDoYMViNu1FHeFD5KoZXcFG8i+HZknQ7TVldM2vlypZdvijCOSnlE1IoQztnzZAFCWpdc9Lp+Tj0CFeYISnbthUoJ0JCUcxInOmEkgQIj9CAtDXlyCPSiWZXxvBEKz3Y94V+XMGZ+nsiQp6UY8/VSQ+poVz2puJfXjtU/ZITUR6EinA8X9QPmS4DTiuDPSoIVmysCcKC6r9CPEQCYaWLzegSfi6F/5PGec4u5PL3+WzlOqkjDY7AMTgFNiiCCqiCGqgDDJ7AC3gDE+PZeDXejY95NGUkM4dgAcbXNxjio8Y=</latexit>

Htot = HM +HG = 0 Hamiltonian constraint

Hamiltonian of matter

(positive energy)

Hamiltonian of gravity

(negative energy)

Do we need to assign different sign to matter’s and gravity’s time?
A. D. Linde (1984)



analytic computation

(without gravity)

Lorentzian path integral

(Picard-Lefschetz theory) Wheeler DeWitt formalism

Part I
Part II

simplified model (analytic) complicated (numerical)
T. Hayashi, K. Kamada, N.O., J. Yokoyama, (2021)

numerical computation

(with gravity)

N.O., Y. Shoji, M. Yamaguchi, (2021)

new non-trivial solution• arbitrary-size bubble 
• No artificial junction 

between E and L.



True

False

initial

final

Euclidean 
bounce

initial

final

Coleman (1977)

Lorentzian  
path integral

picture: T. Hayashi

Set a bubble of arbitrary size

as the final state


(No need to join Euclidean sol. to Lorentzian one.)

Standard Ours

Callan and Coleman (1977)

T. Hayashi, K. Kamada, N.O., J. Yokoyama, (2021)

Euclidean

Lorentzian

No subtlety of the WKB at the turning point!

turning point



• thin wall


• spherical symmetry


• no gravity

Setup
1. Assumption (for simplification)

details of a potential barrier → energy density of bubble surface

dynamics of a bubble wall → 1-dim dynamics

To perform analytic computation

picture: T. Hayashi



2. Formalism

• action of a thin wall bubble (Polyakov action)
<latexit sha1_base64="CvkK/P0W4SAk+542SMmHMK8kDVQ="></latexit>

SP[X
µ, �ab] = ��

Z

@B
d3x

p
��

1

2

⇥
�ab@aX

µ@bXµ � 1
⇤
+�V

Z

B
d4X

p
�g

bubble wall bulk (bubble interior)

<latexit sha1_base64="YWjj8eLmmfaqbndGavPZv1TpFoM="></latexit>

SP[T,R,N ] = 4⇡�

Z
d⌧

2⇡

⇢
1

2
R2

h
N�1

⇣
�fṪ 2 + f�1Ṙ2

⌘
�N

i
+ ⇢�1

0 R3Ṫ

�

<latexit sha1_base64="Cg4L/SaVwP1U89NF/tseeAwNoqk=">AAACEHicdVDJSgNBEO1xjXEb9eilMYiewkyUaG5BPXiMYBbIDKGnU5M06Vns7gmEYT7Bi7/ixYMiXj1682/sLILrg4LHe1VU1fNizqSyrHdjbn5hcWk5t5JfXVvf2DS3thsySgSFOo14JFoekcBZCHXFFIdWLIAEHoemNzgf+80hCMmi8FqNYnAD0guZzyhRWuqYB47oRx0LO3CTsCF2fEFoeoQdyXoByVLnArgiuJF1zIJVrFh2pWzj38QuWhMU0Ay1jvnmdCOaBBAqyomUbduKlZsSoRjlkOWdREJM6ID0oK1pSAKQbjp5KMP7WuliPxK6QoUn6teJlARSjgJPdwZE9eVPbyz+5bUT5Z+6KQvjREFIp4v8hGMV4XE6uMsEUMVHmhAqmL4V0z7RmSidYV6H8Pkp/p80SkW7XCxdHReqZ7M4cmgX7aFDZKMTVEWXqIbqiKJbdI8e0ZNxZzwYz8bLtHXOmM3soG8wXj8AdAec5A==</latexit>

⇢0 ⌘ 3�

�V

<latexit sha1_base64="ruZ1zlmbziFUvvIrzTEdBO0YpM4="></latexit>

{Xµ(xa)} ! {T (⌧), R(⌧), ✓,'}
• spherical bubble

<latexit sha1_base64="mudA8rTULe+Ux1UEN8hWPbTBfz8="></latexit>

�abdx
adxb = �N2d⌧2 +R2(⌧)d⌦2

gauge fixing :
<latexit sha1_base64="lwyO3Tmw/4RFVAxR2hdrgkZ5TMw=">AAAB83icdVDLSsNAFL3xWeur6tLNYBFcxaRItQuh6MaVVLAPaEKZTCbt0MkkzEyEEvobblwo4tafceffOH0IPg9cOJxzL/feE6ScKe0479bC4tLyymphrbi+sbm1XdrZbakkk4Q2ScIT2QmwopwJ2tRMc9pJJcVxwGk7GF5O/PYdlYol4laPUurHuC9YxAjWRvLC6+PQ0zhD58jplcqOXXPcWtVFv4lrO1OUYY5Gr/TmhQnJYio04Vipruuk2s+x1IxwOi56maIpJkPcp11DBY6p8vPpzWN0aJQQRYk0JTSaql8nchwrNYoD0xljPVA/vYn4l9fNdHTm50ykmaaCzBZFGUc6QZMAUMgkJZqPDMFEMnMrIgMsMdEmpqIJ4fNT9D9pVWy3alduTsr1i3kcBdiHAzgCF06hDlfQgCYQSOEeHuHJyqwH69l6mbUuWPOZPfgG6/UDwqyQ3w==</latexit>

dN/d⌧ = 0<latexit sha1_base64="VVi9hG6209VIB64hQS9Hi84hq5Q=">AAAB63icdVDLSsNAFL3xWeur6tLNYBFchaTUPnZFNy4r2Ae0oUymk3bozCTMTIQS+gtuXCji1h9y59+YtBFU9MCFwzn3cu89fsSZNo7zYa2tb2xubRd2irt7+weHpaPjrg5jRWiHhDxUfR9rypmkHcMMp/1IUSx8Tnv+7Drze/dUaRbKOzOPqCfwRLKAEWwyaWhwPCqVHbvpuM3LOlqRRjUntSZybWeJMuRoj0rvw3FIYkGlIRxrPXCdyHgJVoYRThfFYaxphMkMT+ggpRILqr1keesCnafKGAWhSksatFS/TyRYaD0XftopsJnq314m/uUNYhM0vITJKDZUktWiIObIhCh7HI2ZosTweUowUSy9FZEpVpiYNJ5iGsLXp+h/0q3Ybs2u3FbLras8jgKcwhlcgAt1aMENtKEDBKbwAE/wbAnr0XqxXleta1Y+cwI/YL19Aq41jq8=</latexit>⌧ :proper time on the wall

Setup



<latexit sha1_base64="OmRvPrB7NGLMtBt8hjMMm6Ir0Cc="></latexit>

G(R = 0, R = R1) =

Z 1

0
dN

Z R(⌧=1)=R1

R(⌧=0)=0
DTDR exp(iSP[T,R,N ])

take into account every proper duration quantum-mechanical amplitude from a zero-size bubble to finite one

<latexit sha1_base64="/8I25cDHyXto9x8xkHYPffYozA8="></latexit>Z 1

0
dNA(N) exp

�
iSP[T̄ , R̄, N ]

�

quantum corrections

+zero modes

leading contribution

(exponential suppression)

oscillatory integrand
<latexit sha1_base64="A8ZiIRTMRsSPLrg+JSYmg66hLMk=">AAAB8XicdVDLSgNBEOyNrxhfUY9eBoPgadkNMY+DEPTiMUJemCxhdjJJhszOLjOzQljyF148KOLVv/Hm3zhJVlDRgoaiqpvuLj/iTGnH+bAya+sbm1vZ7dzO7t7+Qf7wqK3CWBLaIiEPZdfHinImaEszzWk3khQHPqcdf3q98Dv3VCoWiqaeRdQL8FiwESNYG+mueYn6PpZJcz7IFxy75ri1iwpakWopJeUacm1niQKkaAzy7/1hSOKACk04VqrnOpH2Eiw1I5zOc/1Y0QiTKR7TnqECB1R5yfLiOTozyhCNQmlKaLRUv08kOFBqFvimM8B6on57C/EvrxfrUdVLmIhiTQVZLRrFHOkQLd5HQyYp0XxmCCaSmVsRmWCJiTYh5UwIX5+i/0m7aLtlu3hbKtSv0jiycAKncA4uVKAON9CAFhAQ8ABP8Gwp69F6sV5XrRkrnTmGH7DePgF7QJDT</latexit>

T = T̄
<latexit sha1_base64="P2gOVnF2iK1gqeVVhCskiqcP6BI=">AAAB8XicdVDLSgNBEOz1GeMr6tHLYBA8Lbsh5nEQgl48xmAemCxhdjJJhszOLjOzQljyF148KOLVv/Hm3zhJVlDRgoaiqpvuLj/iTGnH+bBWVtfWNzYzW9ntnd29/dzBYUuFsSS0SUIeyo6PFeVM0KZmmtNOJCkOfE7b/uRq7rfvqVQsFLd6GlEvwCPBhoxgbaS7xgXq+VgmjVk/l3fsquNWz8toSSrFlJSqyLWdBfKQot7PvfcGIYkDKjThWKmu60TaS7DUjHA6y/ZiRSNMJnhEu4YKHFDlJYuLZ+jUKAM0DKUpodFC/T6R4ECpaeCbzgDrsfrtzcW/vG6shxUvYSKKNRVkuWgYc6RDNH8fDZikRPOpIZhIZm5FZIwlJtqElDUhfH2K/ietgu2W7MJNMV+7TOPIwDGcwBm4UIYaXEMdmkBAwAM8wbOlrEfrxXpdtq5Y6cwR/ID19gl1HJDP</latexit>

R = R̄and
sol.of the E.O.M.

Nothing 
happens.

Nucleation 
starts!

lapse N controls

the proper duration

<latexit sha1_base64="6Palic7hzqa9EmfnO3wp0ho6PAU=">AAACAXicdVDLSgMxFM3UV62vUTeCm2ARXJWZUvtYCEVduJIKthY6pWTSTBuaeZDcEcpQN/6KGxeKuPUv3Pk3pu0IKnrgwsk595J7jxsJrsCyPozMwuLS8kp2Nbe2vrG5ZW7vtFQYS8qaNBShbLtEMcED1gQOgrUjyYjvCnbjjs6m/s0tk4qHwTWMI9b1ySDgHqcEtNQz95xzJoBgwCf4EqcPB0jcM/NWoWbZteMKnpNqKSXlGrYL1gx5lKLRM9+dfkhjnwVABVGqY1sRdBMigVPBJjknViwidEQGrKNpQHymusnsggk+1Eofe6HUFQCeqd8nEuIrNfZd3ekTGKrf3lT8y+vE4FW7CQ+iGFhA5x95scAQ4mkcuM8loyDGmhAqud4V0yGRhIIOLadD+LoU/09axYJdLhSvSvn6aRpHFu2jA3SEbFRBdXSBGqiJKLpDD+gJPRv3xqPxYrzOWzNGOrOLfsB4+wS5apXT</latexit>

�t = N�⌧
<latexit sha1_base64="8ec8VD6lFB3YUOJMhz6AwBpQt2o=">AAAB+HicdVDJSgNBEO1xjXHJqEcvjUHwNMyEmOUgBPXgMYJZIDOEnk5P0qRnobtGiCFf4sWDIl79FG/+jZ1kBBV9UPB4r4qqen4iuALb/jBWVtfWNzZzW/ntnd29grl/0FZxKilr0VjEsusTxQSPWAs4CNZNJCOhL1jHH1/O/c4dk4rH0S1MEuaFZBjxgFMCWuqbBfeKCSDYBZLic+z0zaJt1W2nflbFS1IrZ6RSx45lL1BEGZp9890dxDQNWQRUEKV6jp2ANyUSOBVslndTxRJCx2TIeppGJGTKmy4On+ETrQxwEEtdEeCF+n1iSkKlJqGvO0MCI/Xbm4t/eb0Ugpo35VGSAovoclGQCgwxnqeAB1wyCmKiCaGS61sxHRFJKOis8jqEr0/x/6RdspyKVbopFxsXWRw5dISO0SlyUBU10DVqohaiKEUP6Ak9G/fGo/FivC5bV4xs5hD9gPH2CYl+kmI=</latexit>

�⌧ = 1

Completed!

Completed!

Completed!



Picard-Lefschetz theory

steepest descent

steepest ascend

absolutely convergent!!

(No oscillatory integrand!!)

<latexit sha1_base64="1yTkVGjawmHq5PSYly+94jKxikU="></latexit>Z

R
dN exp (iS(N))

<latexit sha1_base64="1r4IcBlUfW7qNOz/KRwkgHnXKaI="></latexit>Z

C
dN exp (iS(N))

<latexit sha1_base64="gXk8FfXsYuWkFkmiLCOzt8eva1k=">AAAB9HicdVDJSgNBEO2JW4xb1KOXxiDEyzATYpZb0IteJIJZIBlCT6eTNOlZ7K4JhiHf4cWDIl79GG/+jZ1kBBV9UPB4r4qqem4ouALL+jBSK6tr6xvpzczW9s7uXnb/oKmCSFLWoIEIZNslignuswZwEKwdSkY8V7CWO76Y+60Jk4oH/i1MQ+Z4ZOjzAacEtOR0gd1DfOXNcP76tJfNWWbVsqtnZbwklWJCSlVsm9YCOZSg3su+d/sBjTzmAxVEqY5theDERAKngs0y3UixkNAxGbKOpj7xmHLixdEzfKKVPh4EUpcPeKF+n4iJp9TUc3WnR2Ckfntz8S+vE8Gg4sTcDyNgPl0uGkQCQ4DnCeA+l4yCmGpCqOT6VkxHRBIKOqeMDuHrU/w/aRZMu2QWboq52nkSRxodoWOURzYqoxq6RHXUQBTdoQf0hJ6NifFovBivy9aUkcwcoh8w3j4Bf5CR8Q==</latexit>

Im(N)

<latexit sha1_base64="ogZQViOXqMRSN498nRTvd2QCgKM=">AAAB9HicdVDLSgNBEJyNrxhfUY9eBoOgl2VXNI9b0IsniWJiIFlkdtLRwdmHM73BsOQ7vHhQxKsf482/cZKsoKIFDUVVN91dfiyFRsf5sHIzs3PzC/nFwtLyyupacX2jpaNEcWjySEaq7TMNUoTQRIES2rECFvgSLv3b47F/OQClRRRe4DAGL2DXoegLztBIXhfhHtNzGNHd072rYsmxa45bO6zQKakeZKRco67tTFAiGRpXxfduL+JJACFyybTuuE6MXsoUCi5hVOgmGmLGb9k1dAwNWQDaSydHj+iOUXq0HylTIdKJ+n0iZYHWw8A3nQHDG/3bG4t/eZ0E+1UvFWGcIIR8uqifSIoRHSdAe0IBRzk0hHElzK2U3zDFOJqcCiaEr0/p/6S1b7tle//soFQ/yuLIky2yTXaJSyqkTk5IgzQJJ3fkgTyRZ2tgPVov1uu0NWdlM5vkB6y3T4EikfI=</latexit>

Re(N)

<latexit sha1_base64="9yD3mFrtN+F3DpIU6BXNCD7ZDbs=">AAAB+3icdVDJSgNBEO2JW4xb1KOXxiDEyzAjUZOb6MWTxCULJEPo6VS0Sc9Cd40kDPkVLx4U8eqPePNv7CyCij4oeLxXRVU9P5ZCo+N8WJm5+YXFpexybmV1bX0jv7lV11GiONR4JCPV9JkGKUKooUAJzVgBC3wJDb9/NvYb96C0iMIbHMbgBew2FD3BGRqpk99qIwwwvYIRLYprWrzY3+/kC45dcdzK4TGdknJpRo4q1LWdCQpkhmon/97uRjwJIEQumdYt14nRS5lCwSWMcu1EQ8x4n91Cy9CQBaC9dHL7iO4ZpUt7kTIVIp2o3ydSFmg9DHzTGTC807+9sfiX10qwV/ZSEcYJQsini3qJpBjRcRC0KxRwlENDGFfC3Er5HVOMo4krZ0L4+pT+T+oHtntkH1yWCiensziyZIfskiJxyTE5IeekSmqEkwF5IE/k2RpZj9aL9TptzVizmW3yA9bbJ5SRk4I=</latexit>

Re(iS(N))

saddle point

<latexit sha1_base64="smFdR3Lw2oRNQCv5rlOz52NKXTM=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4GmaCRHMLevEYwSyQDKGn05M06e6ZdPcIYchPePGgiFd/x5t/Y2cRXB8UPN6roqpemHCmjee9O7mV1bX1jfxmYWt7Z3evuH/Q1HGqCG2QmMeqHWJNOZO0YZjhtJ0oikXIaSscXc381h1VmsXy1kwSGgg8kCxiBBsrtbuaDQTu+b1iyXOrnl+t+Og38V1vjhIsUe8V37r9mKSCSkM41rrje4kJMqwMI5xOC91U0wSTER7QjqUSC6qDbH7vFJ1YpY+iWNmSBs3VrxMZFlpPRGg7BTZD/dObiX95ndREF0HGZJIaKsliUZRyZGI0ex71maLE8IklmChmb0VkiBUmxkZUsCF8for+J82y61fc8s1ZqXa5jCMPR3AMp+DDOdTgGurQAAIc7uERnpyx8+A8Oy+L1pyznDmEb3BePwA5FpAc</latexit>�1

<latexit sha1_base64="N+MCJbTtW6DQFwRbWlfrEYf2Zn8=">AAACBHicdZDLSsNAFIYn9VbrLeqym8Ei1E1Iaq26EIpuXFa0F2hCmUwm7dDJhZmJUEIWbnwVNy4UcetDuPNtnLQVVPSHgY//nMOZ87sxo0Ka5odWWFhcWl4prpbW1jc2t/TtnY6IEo5JG0cs4j0XCcJoSNqSSkZ6MScocBnpuuOLvN69JVzQKLyRk5g4ARqG1KcYSWUN9LLtc4RT77pqxyN6kKUezCGDZ9Ac6BXTOM11CGfQyMGsW6Z1BC3DnKoC5moN9Hfbi3ASkFBihoToW2YsnRRxSTEjWclOBIkRHqMh6SsMUUCEk06PyOC+cjzoR1y9UMKp+30iRYEQk8BVnQGSI/G7lpt/1fqJ9E+clIZxIkmIZ4v8hEEZwTwR6FFOsGQTBQhzqv4K8QipVKTKraRC+LoU/g+dmmE1jNpVvdI8n8dRBGWwB6rAAsegCS5BC7QBBnfgATyBZ+1ee9RetNdZa0Gbz+yCH9LePgG3GZeD</latexit>

dS(�)

d�
= 0

<latexit sha1_base64="3ZAuaYtc6c4JRWcklF7dudVytM0=">AAACC3icdVA9SwNBEN3zM8avqKXNkiDE5riTqEkhBG20kYgmCskR9jYbs2Rv79idE8OR3sa/YmOhiK1/wM5/4yYXQUUfDDzem2Fmnh8JrsFxPqyp6ZnZufnMQnZxaXllNbe23tBhrCir01CE6sonmgkuWR04CHYVKUYCX7BLv3808i9vmNI8lBcwiJgXkGvJu5wSMFI7l28Bu4XkJBjiIj/HxdPtbXyAU5GGUoM9bOcKjl1x3MruPk5JuTQhexXs2s4YBTRBrZ17b3VCGgdMAhVE66brROAlRAGngg2zrViziNA+uWZNQyUJmPaS8S9DvGWUDu6GypQEPFa/TyQk0HoQ+KYzINDTv72R+JfXjKFb9hIuoxiYpOmibiwwhHgUDO5wxSiIgSGEKm5uxbRHFKFg4suaEL4+xf+Txo7t7tk7Z6VC9XASRwZtojwqIhftoyo6RjVURxTdoQf0hJ6te+vRerFe09YpazKzgX7AevsEYreaDA==</latexit>

Im(iS(N)) = const.



oscillatory integrand

~ Gaussian!!Lefschetz thimbles

<latexit sha1_base64="/8I25cDHyXto9x8xkHYPffYozA8="></latexit>Z 1

0
dNA(N) exp

�
iSP[T̄ , R̄, N ]

�

<latexit sha1_base64="pLvkGAlc37u1ODhV7eDBVG8V3c0="></latexit>Z

C
dNA(N) exp

�
iSP[T̄ , R̄, N ]

�



Coleman’s bubble


large bubble


small bubble

boundary condition on 
<latexit sha1_base64="/9IKcAIz2npsbCwxobKbvA/LAxc=">AAACEXicdVDLSgMxFM3UV62vqks3wSLUTZkpVduFUHTjspZWhU4pmTTV0ExmSO6IZZhfcOOvuHGhiFt37vwbM32Aih64cHLOveTe44WCa7DtTyszN7+wuJRdzq2srq1v5De3LnQQKcraNBCBuvKIZoJL1gYOgl2FihHfE+zSG56m/uUtU5oHsgWjkHV9ci35gFMCRurli018jF2PqLiZYBcXXWB3EBPZT1+tmddK9nv5gl2q2U7t4AhPSLUyJYc17JTsMQpoikYv/+H2Axr5TAIVROuOY4fQjYkCTgVLcm6kWUjokFyzjqGS+Ex34/FFCd4zSh8PAmVKAh6r3ydi4ms98j3T6RO40b+9VPzL60QwqHZjLsMImKSTjwaRwBDgNB7c54pRECNDCFXc7IrpDVGEggkxZ0KYXYr/JxflknNYKp9XCvWTaRxZtIN2URE56AjV0RlqoDai6B49omf0Yj1YT9ar9TZpzVjTmW30A9b7F9LQm88=</latexit>

R = R̄ (and T = T̄ )

<latexit sha1_base64="1dI8Emfsewa4LAIlEaQdGjKzQJ8="></latexit>

R(⌧ = 0) = 0 and R(1) = ⇢b

<latexit sha1_base64="sgCtsIXzdjJ0AC+HH3h5+aWiOtk="></latexit>

R(0) = 0 and R(1) > ⇢b

<latexit sha1_base64="kvp96kfWt8k8qZzwnqyO9mhNF+c="></latexit>

R(0) = 0 and R(1) < ⇢b

boundary condition changes the structure of 
<latexit sha1_base64="KNGlJIdzMZu1crxv0XL/26dW7dE=">AAACB3icdVDLSgMxFM3UV62vUZeCBItQoZSZWqvuim5cSdW+oFNKJs20oZkHSUYow+zc+CtuXCji1l9w59+YmVZQ0QOXezjnXpJ77IBRIQ3jQ8vMzS8sLmWXcyura+sb+uZWS/ghx6SJfebzjo0EYdQjTUklI52AE+TajLTt8Xnit28JF9T3GnISkJ6Lhh51KEZSSX1996YfWdyF9RgWLBvxqBEX034dF+HlQV/PG6XTBIdwSqoJMSqmYR5Bs2SkyIMZ6n393Rr4OHSJJzFDQnRNI5C9CHFJMSNxzgoFCRAeoyHpKuohl4helN4Rw32lDKDjc1WehKn6fSNCrhAT11aTLpIj8dtLxL+8biidk15EvSCUxMPTh5yQQenDJBQ4oJxgySaKIMyp+ivEI8QRliq6nArh61L4P2mVS2a1VL6q5GtnsziyYAfsgQIwwTGogQtQB02AwR14AE/gWbvXHrUX7XU6mtFmO9vgB7S3T593mIo=</latexit>

SP(T̄ , R̄, N)

e.g. position of the saddle points in N-space

<latexit sha1_base64="pLvkGAlc37u1ODhV7eDBVG8V3c0="></latexit>Z

C
dNA(N) exp

�
iSP[T̄ , R̄, N ]

�

<latexit sha1_base64="u9TphjQlmtonuDk3g3gHyna4y6k="></latexit>

�2⇡�R2
⇣
N

�2(fṪ 2 � f
�1

Ṙ
2)� 1

⌘
= H

Integrated E.O.M.
<latexit sha1_base64="h0uCDbDfXSx2cCRVkEg57Y/xdbg="></latexit>

4⇡�R2f(R)

 
Ṫ

N
� R

⇢0f(R)

!
= E

bubble’s total energyIntegration constant
set to zerofix H so that B.C. is satisfied



Coleman’s bubble

<latexit sha1_base64="hgRcDpsCjki/AuMoYdkevGxzhRQ="></latexit>

SP[T̄ , R̄, N ] =
2⇡�⇢3b

(1 + ⇢b/⇢0)2


coth

N

⇢b
� N

⇢b

�

<latexit sha1_base64="LmF5tCPpUHJ1HeidYyx4J/G1FAM="></latexit>

G(R = 0, R = ⇢b) ⇠
Z 1

0
dN exp (iSP(N)) =

Z

Cnew

dN exp (iSP(N)) ⇠ exp

✓
� ⇡2�⇢3b
(1 + ⇢b/⇢0)2

◆

<latexit sha1_base64="rcOTSP7oxFw2ITWhLfe4LL+oL/U=">AAACBHicdVDLSgMxFM3UV62vqstugkVwVWZK7WMhlLpxWcE+oDOUTJppQ5PMkGSEMszCjb/ixoUibv0Id/6N6UNQ0QOBwzn3cHOPHzGqtG1/WJm19Y3Nrex2bmd3b/8gf3jUVWEsMengkIWy7yNFGBWko6lmpB9JgrjPSM+fXs793i2RiobiRs8i4nE0FjSgGGkjDfOFC+gGEuGkNUxcyaFJEI5EmibldJgv2qWG7TTOa3BJ6pUVqTagU7IXKIIV2sP8uzsKccyJ0JghpQaOHWkvQVJTzEiac2NFIoSnaEwGhgrEifKSxREpPDXKCAahNE9ouFC/JxLElZpx30xypCfqtzcX//IGsQ7qXkJFFGsi8HJREDOoQzhvBI6oJFizmSEIS2r+CvEEmU606S1nSvi6FP5PuuWSUy2VryvFZmtVRxYUwAk4Aw6ogSa4Am3QARjcgQfwBJ6te+vRerFel6MZa5U5Bj9gvX0C3juYSg==</latexit>

=
BColeman

2

<latexit sha1_base64="nsfl45xW8T+2Lc/4I5tU15LLl8U="></latexit>

PDecay = |G(R = 0, R = ⇢b)|2 ⇠ exp (�BColeman)
consistent with the standard result!



<latexit sha1_base64="afmZCkhGnm2oyExXcQgz6M68GLQ="></latexit>

G(R = 0, R = Rbubble) ⇠
Z 1

0
dN exp (iSP(N)) ⇠ exp (�Bsmall/2)

<latexit sha1_base64="qTJ7ks3G3vDNIyZqfXQfQkBfO78=">AAACCHicdVBLSwMxGMzWV62vVY8eDBbBU9kttQ/wUOrFYwX7gHZZsmnahibZJckKZenRi3/FiwdFvPoTvPlvTNsVVHQgMJn5huSbIGJUacf5sDIrq2vrG9nN3Nb2zu6evX/QVmEsMWnhkIWyGyBFGBWkpalmpBtJgnjASCeYXM79zi2RiobiRk8j4nE0EnRIMdJG8u3jhp/0JYeKI8Zm8AKmd5MkHImZb+edQs1xa+cVuCTVUkrKNegWnAXyIEXTt9/7gxDHnAiNGVKq5zqR9hIkNcWMzHL9WJEI4QkakZ6hAnGivGSxyAyeGmUAh6E0R2i4UL8nEsSVmvLATHKkx+q3Nxf/8nqxHla9hIoo1kTg5UPDmEEdwnkrcEAlwZpNDUFYUvNXiMdIIqxNdzlTwtem8H/SLhbccqF4XcrXG2kdWXAETsAZcEEF1MEVaIIWwOAOPIAn8GzdW4/Wi/W6HM1YaeYQ/ID19gk6+ZmE</latexit>

Bsmall < BColeman

<latexit sha1_base64="aM+pZ7SK5BqRKoQwLzUTtTPFvcM="></latexit>

G(R = 0, R = Rbubble) ⇠
Z 1

0
dN exp (iSP(N)) ⇠ exp(�Blarge/2 + i✓(⇢b, R))

<latexit sha1_base64="afmZCkhGnm2oyExXcQgz6M68GLQ="></latexit>

G(R = 0, R = Rbubble) ⇠
Z 1

0
dN exp (iSP(N)) ⇠ exp (�Bsmall/2)

<latexit sha1_base64="F/y8eUZrI2wz5zyVKQbhc+VspMg=">AAACCHicdVDNSgMxGMzW//q36tGDwSJ4KrultvYgiF48KlgttMuSTb/W0CS7JFmhLD168VW8eFDEq4/gzbcxbVdQ0YHAZOYbkm+ihDNtPO/DKczMzs0vLC4Vl1dW19bdjc0rHaeKQpPGPFatiGjgTELTMMOhlSggIuJwHQ1Ox/71LSjNYnlphgkEgvQl6zFKjJVCd+ckzDpKYE5UH0b4COd3mwRB5Ch0S1654fmNgzqeksNqTmoN7Je9CUoox3novne6MU0FSEM50brte4kJMqIMoxxGxU6qISF0QPrQtlQSATrIJouM8J5VurgXK3ukwRP1eyIjQuuhiOykIOZG//bG4l9eOzW9wyBjMkkNSDp9qJdybGI8bgV3mQJq+NASQhWzf8X0hihCje2uaEv42hT/T64qZb9WrlxUS8cneR2LaBvton3kozo6RmfoHDURRXfoAT2hZ+feeXRenNfpaMHJM1voB5y3TyYomXc=</latexit>

Blarge = BColeman

phase rotation caused by the classical bubble expansion

<latexit sha1_base64="6gj+/8SzWmwrLFrl0eoNJuKOscQ=">AAACAHicdVDNS8MwHE3n15xfVQ8evASH4Km0Y+4DPAy9eJzi5mAtJcnSLaxpS5IKo+ziv+LFgyJe/TO8+d+YbRVU9EHg8d7vJfk9nIRMKtv+MApLyyura8X10sbm1vaOubvXlXEqCO2QOIxFDyNJQxbRjmIqpL1EUMRxSG/x+GLm395RIVkc3ahJQj2OhhELGEFKS755cO1nruAQp1hHpvAMumIU+9g3y7bVtJ3maR0uSKOak1oTOpY9RxnkaPvmuzuIScpppEiIpOw7dqK8DAnFiL645KaSJoiM0ZD2NY0Qp9LL5gtM4bFWBjCIhT6RgnP1eyJDXMoJx3qSIzWSv72Z+JfXT1XQ8DIWJamiEVk8FKQhVDGctQEHTFCiwokmiAim/wrJCAlElO6spEv42hT+T7oVy6lZlatquXWe11EEh+AInAAH1EELXII26AACpuABPIFn4954NF6M18Vowcgz++AHjLdPXWGWSg==</latexit>

Rbubble < ⇢b

small bubble

large bubble

A small bubble may have a chance to expand due to the external source

e.g. thermal radiation inside the bubble, external gravitational force etc..

picture: T. Hayashi

<latexit sha1_base64="QHLPf1IZDkoVN4/5ez5jMu4zg78="></latexit>

⇠
Z 1

0
dN exp (iSP(N)) ⇠ exp (�Blarge/2 + i✓(⇢b, Rbubble))

<latexit sha1_base64="5PBfvic0QsJqKkihQCXeNti1ZKU=">AAACCnicdVDLS8MwHE59zvmqevQSHYKn0o65x0EYevE4h3vAWkqapVtYm5YkFUbZ2Yv/ihcPinj1L/Dmf2O6VVDRDwJfvt8j+T4vDqiQpvmhLS2vrK6tFzaKm1vbO7v63n5XRAnHpIOjIOJ9DwkSUEY6ksqA9GNOUOgFpOdNLrN675ZwQSN2I6cxcUI0YtSnGEklufpRG55Dm48j14O2jGB2bbupzUPoJZ7aMnP1kmk0TKtxVoMLUq/kpNqAlmHOUQI5Wq7+bg8jnISESRwgIQaWGUsnRVxSrPYV7USQGOEJGpGBogyFRDjp3MoMnihlCP2Iq8MknKvfJ1IUCjENPdUZIjkWv2uZ+FdtkEi/7qSUxYkkDC8e8pMAKs9ZLnBIOcEymCqCMKfqrxCPEUdYqvSKKoQvp/B/0i0bVtUoX1dKzYs8jgI4BMfgFFigBprgCrRAB2BwBx7AE3jW7rVH7UV7XbQuafnMAfgB7e0TFEmZTw==</latexit>

R = ⇢b ! R = Rbubble

<latexit sha1_base64="a2eqhpfdDwktxeesFqwnFdFeluI=">AAACAHicdVDNS8MwHE3n15xfVQ8evASH4Km0Y+7jIkMvHqe4OVhLSbJ0C2vakqTCKLv4r3jxoIhX/wxv/jdmWwUVfRB4vPd7SX4PJyGTyrY/jMLS8srqWnG9tLG5tb1j7u51ZZwKQjskDmPRw0jSkEW0o5gKaS8RFHEc0ls8vpj5t3dUSBZHN2qSUI+jYcQCRpDSkm8eXPuZKzjEKdaRKTyDrhjFPvbNsm01bad5WocL0qjmpNaEjmXPUQY52r757g5iknIaKRIiKfuOnSgvQ0Ixoi8uuamkCSJjNKR9TSPEqfSy+QJTeKyVAQxioU+k4Fz9nsgQl3LCsZ7kSI3kb28m/uX1UxU0vIxFSapoRBYPBWkIVQxnbcABE5SocKIJIoLpv0IyQgIRpTsr6RK+NoX/k27FcmpW5apabp3ndRTBITgCJ8ABddACl6ANOoCAKXgAT+DZuDcejRfjdTFaMPLMPvgB4+0TYHeWTA==</latexit>

Rbubble > ⇢b



<latexit sha1_base64="FnGCSFoS540EdAO2Cgzmld3gjtE=">AAAB/XicdVDLSsNAFJ34rPUVHzs3g0VwY0hK7WNX60KXFewDmlgm02k7dCYJMxOhhuKvuHGhiFv/w51/47SNoKIHLhzOuZd77/EjRqWy7Q9jYXFpeWU1s5Zd39jc2jZ3dpsyjAUmDRyyULR9JAmjAWkoqhhpR4Ig7jPS8kfnU791S4SkYXCtxhHxOBoEtE8xUlrqmvvuBeIcQVdSDs8guUlOapOumbOtiu1UTktwTsqFlBQr0LHsGXIgRb1rvru9EMecBAozJGXHsSPlJUgoihmZZN1YkgjhERqQjqYB4kR6yez6CTzSSg/2Q6ErUHCmfp9IEJdyzH3dyZEayt/eVPzL68SqX/YSGkSxIgGeL+rHDKoQTqOAPSoIVmysCcKC6lshHiKBsNKBZXUIX5/C/0kzbzlFK39VyFVraRwZcAAOwTFwQAlUwSWogwbA4A48gCfwbNwbj8aL8TpvXTDSmT3wA8bbJ1aalIk=</latexit>

� ⇠ Ae�B
<latexit sha1_base64="2G/jLDc49gJFFyDK/27ATmkZmcM=">AAAB+3icbVDLSgMxFL3js9bXWJdugkVwVWeKqMtSNy4r2Ae0ZcikmTY0yQxJRizD/IobF4q49Ufc+Temj4W2HggczjmXe3PChDNtPO/bWVvf2NzaLuwUd/f2Dw7do1JLx6kitEliHqtOiDXlTNKmYYbTTqIoFiGn7XB8O/Xbj1RpFssHM0loX+ChZBEj2FgpcEv1C1QPsp4SyIapwDIP3LJX8WZAq8RfkDIs0Ajcr94gJqmg0hCOte76XmL6GVaGEU7zYi/VNMFkjIe0a6nEgup+Nrs9R2dWGaAoVvZJg2bq74kMC60nIrRJgc1IL3tT8T+vm5ropp8xmaSGSjJfFKUcmRhNi0ADpigxfGIJJorZWxEZYYWJsXUVbQn+8pdXSata8a8q1fvLcq2+qKMAJ3AK5+DDNdTgDhrQBAJP8Ayv8Obkzovz7nzMo2vOYuYY/sD5/AHN5ZOq</latexit> B
/B

C
o
le
m
a
n



We formulated the nucleation of a vacuum bubble in the Lorentzian path integral.

We demonstrated the nucleation of a bubble of arbitrary size and found: 

exponent of the nucleation rate of a bubble of standard size 
agrees with the Coleman’s result.

large bubble nucleation can be interpreted as 

nucleation of standard-size bubble + classical expansion

small bubble nucleates with higher probability

Summary for PART I

Our strategy is useful to search for other vacuum decay processes 
that are more probable than the known process. 

An arbitrary vacuum bubble can be set as the final state unlike the 
bounce calculation.

Still, there are some restrictions: no gravity and thin wall approximation.



analytic computation

(without gravity)

Lorentzian path integral

(Picard-Lefschetz theory) Wheeler DeWitt formalism

Part I
Part II

simplified model (analytic) complicated (numerical)
T. Hayashi, K. Kamada, N.O., J. Yokoyama, (2021)

numerical computation

(with gravity)

N.O., Y. Shoji, M. Yamaguchi, (2021)

new non-trivial solution• arbitrary-size bubble 
• No artificial junction 

between E and L.



Wheeler-DeWitt formalism
gravity + matter (scalar field)

foliated spacetime
3+1decomposition

<latexit sha1_base64="JIM33pkTOM4mcgZMb9LOHyzpbFE=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiB4GmZCzHILevEYwSyQDKGn05O06WXo7hHCkM/w4kERr36NN//GTjKCij4oeLxXRVW9MGZUG8/7cHJr6xubW/ntws7u3v5B8fCoo2WiMGljyaTqhUgTRgVpG2oY6cWKIB4y0g2nVwu/e0+UplLcmllMAo7GgkYUI2Ol/mCMOEfDlN7Nh8WS5zY8v3FRgytSr2Sk2oC+6y1RAhlaw+L7YCRxwokwmCGt+74XmyBFylDMyLwwSDSJEZ6iMelbKhAnOkiXJ8/hmVVGMJLKljBwqX6fSBHXesZD28mRmejf3kL8y+snJqoHKRVxYojAq0VRwqCRcPE/HFFFsGEzSxBW1N4K8QQphI1NqWBD+PoU/k86ZdevuuWbSql5mcWRByfgFJwDH9RAE1yDFmgDDCR4AE/g2THOo/PivK5ac042cwx+wHn7BCSkkdg=</latexit>�ij

<latexit sha1_base64="ygaYXFHp3bJWaHugV/iWkP099pw=">AAAB63icdVDLSsNAFL3xWeur6tLNYBFchaTUPnZFNy4r2Ae0oUymk3bozCTMTIQS+gtuXCji1h9y59+YtBFU9MCFwzn3cu89fsSZNo7zYa2tb2xubRd2irt7+weHpaPjrg5jRWiHhDxUfR9rypmkHcMMp/1IUSx8Tnv+7Drze/dUaRbKOzOPqCfwRLKAEWwyaRhN2ahUduym4zYv62hFGtWc1JrItZ0lypCjPSq9D8chiQWVhnCs9cB1IuMlWBlGOF0Uh7GmESYzPKGDlEosqPaS5a0LdJ4qYxSEKi1p0FL9PpFgofVc+GmnwGaqf3uZ+Jc3iE3Q8BImo9hQSVaLgpgjE6LscTRmihLD5ynBRLH0VkSmWGFi0niKaQhfn6L/SbdiuzW7clstt67yOApwCmdwAS7UoQU30IYOEJjCAzzBsyWsR+vFel21rln5zAn8gPX2CaCQjqY=</latexit>

�

<latexit sha1_base64="YL2E1+xe36xUEn73xnxjfJI96V4=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbRU0hK7cet6MVjBdMW2lA22227dLMJuxuhhP4GLx4U8eoP8ua/cdtGUNEHA4/3ZpiZF8ScKe04H1ZubX1jcyu/XdjZ3ds/KB4etVWUSEI9EvFIdgOsKGeCepppTruxpDgMOO0E0+uF37mnUrFI3OlZTP0QjwUbMYK1kbx+PGHng2LJsRuO27isoRWpVzJSbSDXdpYoQYbWoPjeH0YkCanQhGOleq4Taz/FUjPC6bzQTxSNMZniMe0ZKnBIlZ8uj52jM6MM0SiSpoRGS/X7RIpDpWZhYDpDrCfqt7cQ//J6iR7V/ZSJONFUkNWiUcKRjtDiczRkkhLNZ4ZgIpm5FZEJlphok0/BhPD1KfqftMu2W7XLt5VS8yqLIw8ncAoX4EINmnADLfCAAIMHeIJnS1iP1ov1umrNWdnMMfyA9fYJAkKO1w==</latexit>

�0<latexit sha1_base64="ywrgyWjHYF4u/kkXtd02kcjG8hQ=">AAAB83icdVDLSsNAFJ34rPVVdelmsIiuQlJqH7uiG5cV7AOaUG6m03bsTBJmJkIJ/Q03LhRx68+482+cthFU9MCFwzn3cu89QcyZ0o7zYa2srq1vbOa28ts7u3v7hYPDtooSSWiLRDyS3QAU5SykLc00p91YUhABp51gcjX3O/dUKhaFt3oaU1/AKGRDRkAbyfNGIAT0U3Y3O+sXio5dd9z6RRUvSa2ckUodu7azQBFlaPYL794gIomgoSYclOq5Tqz9FKRmhNNZ3ksUjYFMYER7hoYgqPLTxc0zfGqUAR5G0lSo8UL9PpGCUGoqAtMpQI/Vb28u/uX1Ej2s+SkL40TTkCwXDROOdYTnAeABk5RoPjUEiGTmVkzGIIFoE1PehPD1Kf6ftEu2W7FLN+Vi4zKLI4eO0Qk6Ry6qoga6Rk3UQgTF6AE9oWcrsR6tF+t12bpiZTNH6Aest0+JQZIJ</latexit>

�0
ij

<latexit sha1_base64="293vXOtReXuZFdtoIB2MmPHAh6I=">AAAB9HicdVDLSgMxFM3UV62vqks3wSJ1NcyU2seu6MZlBfuAdiiZNNPGJpkxyRTK0O9w40IRt36MO//GtB1BRQ9cOJxzL/fe40eMKu04H1ZmbX1jcyu7ndvZ3ds/yB8etVUYS0xaOGSh7PpIEUYFaWmqGelGkiDuM9LxJ1cLvzMlUtFQ3OpZRDyORoIGFCNtJK8/QpyjQULv5sXiIF9w7Lrj1i+qcEVq5ZRU6tC1nSUKIEVzkH/vD0MccyI0ZkipnutE2kuQ1BQzMs/1Y0UihCdoRHqGCsSJ8pLl0XN4ZpQhDEJpSmi4VL9PJIgrNeO+6eRIj9VvbyH+5fViHdS8hIoo1kTg1aIgZlCHcJEAHFJJsGYzQxCW1NwK8RhJhLXJKWdC+PoU/k/aJdut2KWbcqFxmcaRBSfgFJwDF1RBA1yDJmgBDO7BA3gCz9bUerRerNdVa8ZKZ47BD1hvn+4Hkjo=</latexit>

�00
ij

<latexit sha1_base64="SY9VW7sfQcBham+S4cQhzohP+eY=">AAAB7XicdVDLSgNBEOyNrxhfUY9eBoPE07IbYh63oBePEcwDkiXMTmaTMbM7y8ysEEL+wYsHRbz6P978GyfJCipa0FBUddPd5cecKe04H1ZmbX1jcyu7ndvZ3ds/yB8etZVIJKEtIriQXR8ryllEW5ppTruxpDj0Oe34k6uF37mnUjER3eppTL0QjyIWMIK1kdr9eMyKxUG+4Nh1x61fVNGK1MopqdSRaztLFCBFc5B/7w8FSUIaacKxUj3XibU3w1Izwuk8108UjTGZ4BHtGRrhkCpvtrx2js6MMkSBkKYijZbq94kZDpWahr7pDLEeq9/eQvzL6yU6qHkzFsWJphFZLQoSjrRAi9fRkElKNJ8agolk5lZExlhiok1AORPC16fof9Iu2W7FLt2UC43LNI4snMApnIMLVWjANTShBQTu4AGe4NkS1qP1Yr2uWjNWOnMMP2C9fQJkDo8I</latexit>

�00

<latexit sha1_base64="5cSD/ckYBApFeCzys4RQTcOityE="></latexit>

 [�ij ,�; �
00
ij ,�

00]
wave function (functional)



“NO TIME” in the WdW formalism

<latexit sha1_base64="jVMJ5Pcs99c3ehkZseuluJ0+Av8="></latexit>

H
i [�ij ,�] = 0

<latexit sha1_base64="F/moEnS2CBUv2m2Z9o8f2ZJ0TRM=">AAACCXicdVDLSsNAFJ3UV62vqEs3g0VwISUptY+FUHTjsoJ9QBLCZDppx84kYWYilNCtG3/FjQtF3PoH7vwbpw9BRQ9cOJxzL/feEySMSmVZH0ZuaXlldS2/XtjY3NreMXf3OjJOBSZtHLNY9AIkCaMRaSuqGOklgiAeMNINRhdTv3tLhKRxdK3GCfE4GkQ0pBgpLfkmdBMK3Zak0HEHiHPkZ/RmcqLlIfXgGbR8s2iVGpbdOK3BOalXFqTagHbJmqEIFmj55rvbj3HKSaQwQ1I6tpUoL0NCUczIpOCmkiQIj9CAOJpGiBPpZbNPJvBIK30YxkJXpOBM/T6RIS7lmAe6kyM1lL+9qfiX56QqrHsZjZJUkQjPF4UpgyqG01hgnwqCFRtrgrCg+laIh0ggrHR4BR3C16fwf9Ipl+xqqXxVKTbPF3HkwQE4BMfABjXQBJegBdoAgzvwAJ7As3FvPBovxuu8NWcsZvbBDxhvn82rmSY=</latexit>

⇡ [�ij ,�] = 0
<latexit sha1_base64="nzRbQGEfwGe/o9Wykh/i0U1C+TI="></latexit>

⇡i [�ij ,�] = 0

<latexit sha1_base64="JRdb13ab4ZRbihRzRYWJx9kYtYE="></latexit>

 †�ij(x
0,x) =  †�ij(0,x) 

NO dynamics (NO time development) ??

Physical states should satisfy

time development

<latexit sha1_base64="w4m+OtND49z8ak79I2pLuRhItNE="></latexit>

�ij(x
0,x) = eiHx

0

�ij(0,x)e
�iHx

0

<latexit sha1_base64="l0S5ggsFvlhNu4bMVf7/mopUzNU="></latexit>

H [�ij ,�] = 0



How can we appreciate the “dynamics” of the contents of the Universe?

<latexit sha1_base64="YL2E1+xe36xUEn73xnxjfJI96V4=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbRU0hK7cet6MVjBdMW2lA22227dLMJuxuhhP4GLx4U8eoP8ua/cdtGUNEHA4/3ZpiZF8ScKe04H1ZubX1jcyu/XdjZ3ds/KB4etVWUSEI9EvFIdgOsKGeCepppTruxpDgMOO0E0+uF37mnUrFI3OlZTP0QjwUbMYK1kbx+PGHng2LJsRuO27isoRWpVzJSbSDXdpYoQYbWoPjeH0YkCanQhGOleq4Taz/FUjPC6bzQTxSNMZniMe0ZKnBIlZ8uj52jM6MM0SiSpoRGS/X7RIpDpWZhYDpDrCfqt7cQ//J6iR7V/ZSJONFUkNWiUcKRjtDiczRkkhLNZ4ZgIpm5FZEJlphok0/BhPD1KfqftMu2W7XLt5VS8yqLIw8ncAoX4EINmnADLfCAAIMHeIJnS1iP1ov1umrNWdnMMfyA9fYJAkKO1w==</latexit>

�0<latexit sha1_base64="ywrgyWjHYF4u/kkXtd02kcjG8hQ=">AAAB83icdVDLSsNAFJ34rPVVdelmsIiuQlJqH7uiG5cV7AOaUG6m03bsTBJmJkIJ/Q03LhRx68+482+cthFU9MCFwzn3cu89QcyZ0o7zYa2srq1vbOa28ts7u3v7hYPDtooSSWiLRDyS3QAU5SykLc00p91YUhABp51gcjX3O/dUKhaFt3oaU1/AKGRDRkAbyfNGIAT0U3Y3O+sXio5dd9z6RRUvSa2ckUodu7azQBFlaPYL794gIomgoSYclOq5Tqz9FKRmhNNZ3ksUjYFMYER7hoYgqPLTxc0zfGqUAR5G0lSo8UL9PpGCUGoqAtMpQI/Vb28u/uX1Ej2s+SkL40TTkCwXDROOdYTnAeABk5RoPjUEiGTmVkzGIIFoE1PehPD1Kf6ftEu2W7FLN+Vi4zKLI4eO0Qk6Ry6qoga6Rk3UQgTF6AE9oWcrsR6tF+t12bpiZTNH6Aest0+JQZIJ</latexit>

�0
ij

<latexit sha1_base64="293vXOtReXuZFdtoIB2MmPHAh6I=">AAAB9HicdVDLSgMxFM3UV62vqks3wSJ1NcyU2seu6MZlBfuAdiiZNNPGJpkxyRTK0O9w40IRt36MO//GtB1BRQ9cOJxzL/fe40eMKu04H1ZmbX1jcyu7ndvZ3ds/yB8etVUYS0xaOGSh7PpIEUYFaWmqGelGkiDuM9LxJ1cLvzMlUtFQ3OpZRDyORoIGFCNtJK8/QpyjQULv5sXiIF9w7Lrj1i+qcEVq5ZRU6tC1nSUKIEVzkH/vD0MccyI0ZkipnutE2kuQ1BQzMs/1Y0UihCdoRHqGCsSJ8pLl0XN4ZpQhDEJpSmi4VL9PJIgrNeO+6eRIj9VvbyH+5fViHdS8hIoo1kTg1aIgZlCHcJEAHFJJsGYzQxCW1NwK8RhJhLXJKWdC+PoU/k/aJdut2KWbcqFxmcaRBSfgFJwDF1RBA1yDJmgBDO7BA3gCz9bUerRerNdVa8ZKZ47BD1hvn+4Hkjo=</latexit>

�00
ij

<latexit sha1_base64="SY9VW7sfQcBham+S4cQhzohP+eY=">AAAB7XicdVDLSgNBEOyNrxhfUY9eBoPE07IbYh63oBePEcwDkiXMTmaTMbM7y8ysEEL+wYsHRbz6P978GyfJCipa0FBUddPd5cecKe04H1ZmbX1jcyu7ndvZ3ds/yB8etZVIJKEtIriQXR8ryllEW5ppTruxpDj0Oe34k6uF37mnUjER3eppTL0QjyIWMIK1kdr9eMyKxUG+4Nh1x61fVNGK1MopqdSRaztLFCBFc5B/7w8FSUIaacKxUj3XibU3w1Izwuk8108UjTGZ4BHtGRrhkCpvtrx2js6MMkSBkKYijZbq94kZDpWahr7pDLEeq9/eQvzL6yU6qHkzFsWJphFZLQoSjrRAi9fRkElKNJ8agolk5lZExlhiok1AORPC16fof9Iu2W7FLt2UC43LNI4snMApnIMLVWjANTShBQTu4AGe4NkS1qP1Yr2uWjNWOnMMP2C9fQJkDo8I</latexit>

�00

external parametrization is irrelevant

<latexit sha1_base64="kxigaTLBIy34u+FYchfwh52bKB8=">AAAB7XicdVDJSgNBEK1xjXGLevTSGARPw0yIWQ5C0IvHCGaBZAw9nZ6kTU/P0N0jhiH/4MWDIl79H2/+jZ1FUNEHBY/3qqiq58ecKe04H9bS8srq2npmI7u5tb2zm9vbb6ookYQ2SMQj2faxopwJ2tBMc9qOJcWhz2nLH11M/dYdlYpF4lqPY+qFeCBYwAjWRmre3zhnyO3l8o5dddzqaRnNSaW4IKUqcm1nhjwsUO/l3rv9iCQhFZpwrFTHdWLtpVhqRjidZLuJojEmIzygHUMFDqny0tm1E3RslD4KImlKaDRTv0+kOFRqHPqmM8R6qH57U/Evr5PooOKlTMSJpoLMFwUJRzpC09dRn0lKNB8bgolk5lZEhlhiok1AWRPC16fof9Is2G7JLlwV87XzRRwZOIQjOAEXylCDS6hDAwjcwgM8wbMVWY/Wi/U6b12yFjMH8APW2yffYI6x</latexit>

x0 = 1

<latexit sha1_base64="xAUI0YODsFn8q6r1daBHHko62dg=">AAAB7XicdVDLSgNBEOz1GeMr6tHLYBA8Lbsh5nEQgl48RjAPSNYwO5lNxszuLDOzYgj5By8eFPHq/3jzb5wkK6hoQUNR1U13lx9zprTjfFhLyyura+uZjezm1vbObm5vv6lEIgltEMGFbPtYUc4i2tBMc9qOJcWhz2nLH13M/NYdlYqJ6FqPY+qFeBCxgBGsjdS8v3HOUKGXyzt21XGrp2W0IJViSkpV5NrOHHlIUe/l3rt9QZKQRppwrFTHdWLtTbDUjHA6zXYTRWNMRnhAO4ZGOKTKm8yvnaJjo/RRIKSpSKO5+n1igkOlxqFvOkOsh+q3NxP/8jqJDirehEVxomlEFouChCMt0Ox11GeSEs3HhmAimbkVkSGWmGgTUNaE8PUp+p80C7ZbsgtXxXztPI0jA4dwBCfgQhlqcAl1aACBW3iAJ3i2hPVovVivi9YlK505gB+w3j4B4OSOsg==</latexit>

x0 = 2

<latexit sha1_base64="N5215SVD3rYQBjhxmotehFTgsjY=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GmZq7WMhFN24rGAf0I4lk2ba2EwyJBmxDP0HNy4Ucev/uPNvTNsRVPTAhcM593LvPX7EqNKO82FllpZXVtey67mNza3tnfzuXkuJWGLSxIIJ2fGRIoxy0tRUM9KJJEGhz0jbH1/M/PYdkYoKfq0nEfFCNOQ0oBhpI7Xub5wzeNLPFxy75ri10wpckGopJeUadG1njgJI0ejn33sDgeOQcI0ZUqrrOpH2EiQ1xYxMc71YkQjhMRqSrqEchUR5yfzaKTwyygAGQpriGs7V7xMJCpWahL7pDJEeqd/eTPzL68Y6qHoJ5VGsCceLRUHMoBZw9jocUEmwZhNDEJbU3ArxCEmEtQkoZ0L4+hT+T1pF2y3bxatSoX6expEFB+AQHAMXVEAdXIIGaAIMbsEDeALPlrAerRfrddGasdKZffAD1tsn4miOsw==</latexit>

x0 = 3

<latexit sha1_base64="SPdx9PSIOWQmJ7ErRrWCGpobXmY=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgadkNMY9b0IvHiOYByRpmJ7PJkNnZZWZWDCGf4MWDIl79Im/+jZNkBRUtaCiquunu8mPOlHacDyuzsrq2vpHdzG1t7+zu5fcPWipKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2xxdzv31HpWKRuNGTmHohHgoWMIK1ka7vb1k/X3DsmuPWzipoSaqllJRryLWdBQqQotHPv/cGEUlCKjThWKmu68Tam2KpGeF0luslisaYjPGQdg0VOKTKmy5OnaETowxQEElTQqOF+n1iikOlJqFvOkOsR+q3Nxf/8rqJDqrelIk40VSQ5aIg4UhHaP43GjBJieYTQzCRzNyKyAhLTLRJJ2dC+PoU/U9aRdst28WrUqF+nsaRhSM4hlNwoQJ1uIQGNIHAEB7gCZ4tbj1aL9brsjVjpTOH8APW2yfsE44+</latexit>

xi

<latexit sha1_base64="SPdx9PSIOWQmJ7ErRrWCGpobXmY=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgadkNMY9b0IvHiOYByRpmJ7PJkNnZZWZWDCGf4MWDIl79Im/+jZNkBRUtaCiquunu8mPOlHacDyuzsrq2vpHdzG1t7+zu5fcPWipKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2xxdzv31HpWKRuNGTmHohHgoWMIK1ka7vb1k/X3DsmuPWzipoSaqllJRryLWdBQqQotHPv/cGEUlCKjThWKmu68Tam2KpGeF0luslisaYjPGQdg0VOKTKmy5OnaETowxQEElTQqOF+n1iikOlJqFvOkOsR+q3Nxf/8rqJDqrelIk40VSQ5aIg4UhHaP43GjBJieYTQzCRzNyKyAhLTLRJJ2dC+PoU/U9aRdst28WrUqF+nsaRhSM4hlNwoQJ1uIQGNIHAEB7gCZ4tbj1aL9brsjVjpTOH8APW2yfsE44+</latexit>

xi

<latexit sha1_base64="SPdx9PSIOWQmJ7ErRrWCGpobXmY=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgadkNMY9b0IvHiOYByRpmJ7PJkNnZZWZWDCGf4MWDIl79Im/+jZNkBRUtaCiquunu8mPOlHacDyuzsrq2vpHdzG1t7+zu5fcPWipKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2xxdzv31HpWKRuNGTmHohHgoWMIK1ka7vb1k/X3DsmuPWzipoSaqllJRryLWdBQqQotHPv/cGEUlCKjThWKmu68Tam2KpGeF0luslisaYjPGQdg0VOKTKmy5OnaETowxQEElTQqOF+n1iikOlJqFvOkOsR+q3Nxf/8rqJDqrelIk40VSQ5aIg4UhHaP43GjBJieYTQzCRzNyKyAhLTLRJJ2dC+PoU/U9aRdst28WrUqF+nsaRhSM4hlNwoQJ1uIQGNIHAEB7gCZ4tbj1aL9brsjVjpTOH8APW2yfsE44+</latexit>

xi

internal parametrization based on 

geometry(e.g. cosmic expansion)


or matter in the universe is relevant<latexit sha1_base64="aDxfAAEjGtEGR95U22T4zuNYdB0=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgadkNMY9b0IvHiOYByRpmJ7PJkNnZZWZWDCGf4MWDIl79Im/+jZNkBRUtaCiquunu8mPOlHacDyuzsrq2vpHdzG1t7+zu5fcPWipKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2xxdzv31HpWKRuNGTmHohHgoWMIK1ka7vb51+vuDYNcetnVXQklRLKSnXkGs7CxQgRaOff+8NIpKEVGjCsVJd14m1N8VSM8LpLNdLFI0xGeMh7RoqcEiVN12cOkMnRhmgIJKmhEYL9fvEFIdKTULfdIZYj9Rvby7+5XUTHVS9KRNxoqkgy0VBwpGO0PxvNGCSEs0nhmAimbkVkRGWmGiTTs6E8PUp+p+0irZbtotXpUL9PI0jC0dwDKfgQgXqcAkNaAKBITzAEzxb3Hq0XqzXZWvGSmcO4Qest0+Vr44F</latexit>

x0
time coordinate

B. S. DeWitt (1967)

<latexit sha1_base64="k9ZmnajhVKDcB/JphQmpOM5c/JA=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgKiRF+9gV3bhswT6gDWUynbRjJ5MwMxFK6Be4caGIWz/JnX/jtI2gogcuHM65l3vv8WPOlHacDyu3tr6xuZXfLuzs7u0fFA+POipKJKFtEvFI9nysKGeCtjXTnPZiSXHoc9r1p9cLv3tPpWKRuNWzmHohHgsWMIK1kVpqWCw5dt1x65dVtCK1i4xU6si1nSVKkKE5LL4PRhFJQio04VipvuvE2kux1IxwOi8MEkVjTKZ4TPuGChxS5aXLQ+fozCgjFETSlNBoqX6fSHGo1Cz0TWeI9UT99hbiX14/0UHNS5mIE00FWS0KEo50hBZfoxGTlGg+MwQTycytiEywxESbbAomhK9P0f+kU7bdil1uXZQaV1kceTiBUzgHF6rQgBtoQhsIUHiAJ3i27qxH68V6XbXmrGzmGH7AevsEa7yNXg==</latexit>s new parameter



<latexit sha1_base64="f68n3eRGNkm+LUeheaUNEDWlZI8="></latexit>
� 1

2
p
�

�

��M (x)
GMN �

��N (x)
+

p
�V

�
 [�M ] = 0

Wheeler DeWitt equation  -functional wave equation-

<latexit sha1_base64="ygaYXFHp3bJWaHugV/iWkP099pw=">AAAB63icdVDLSsNAFL3xWeur6tLNYBFchaTUPnZFNy4r2Ae0oUymk3bozCTMTIQS+gtuXCji1h9y59+YtBFU9MCFwzn3cu89fsSZNo7zYa2tb2xubRd2irt7+weHpaPjrg5jRWiHhDxUfR9rypmkHcMMp/1IUSx8Tnv+7Drze/dUaRbKOzOPqCfwRLKAEWwyaRhN2ahUduym4zYv62hFGtWc1JrItZ0lypCjPSq9D8chiQWVhnCs9cB1IuMlWBlGOF0Uh7GmESYzPKGDlEosqPaS5a0LdJ4qYxSEKi1p0FL9PpFgofVc+GmnwGaqf3uZ+Jc3iE3Q8BImo9hQSVaLgpgjE6LscTRmihLD5ynBRLH0VkSmWGFi0niKaQhfn6L/SbdiuzW7clstt67yOApwCmdwAS7UoQU30IYOEJjCAzzBsyWsR+vFel21rln5zAn8gPX2CaCQjqY=</latexit>

�

<latexit sha1_base64="JIM33pkTOM4mcgZMb9LOHyzpbFE=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiB4GmZCzHILevEYwSyQDKGn05O06WXo7hHCkM/w4kERr36NN//GTjKCij4oeLxXRVW9MGZUG8/7cHJr6xubW/ntws7u3v5B8fCoo2WiMGljyaTqhUgTRgVpG2oY6cWKIB4y0g2nVwu/e0+UplLcmllMAo7GgkYUI2Ol/mCMOEfDlN7Nh8WS5zY8v3FRgytSr2Sk2oC+6y1RAhlaw+L7YCRxwokwmCGt+74XmyBFylDMyLwwSDSJEZ6iMelbKhAnOkiXJ8/hmVVGMJLKljBwqX6fSBHXesZD28mRmejf3kL8y+snJqoHKRVxYojAq0VRwqCRcPE/HFFFsGEzSxBW1N4K8QQphI1NqWBD+PoU/k86ZdevuuWbSql5mcWRByfgFJwDH9RAE1yDFmgDDCR4AE/g2THOo/PivK5ac042cwx+wHn7BCSkkdg=</latexit>�ij

<latexit sha1_base64="0QoXr6llyBvUWO8uus4+2j0EFnw="></latexit>

 [�M ] = exp
h
i⇥(0)[�M ] +⇥(1)[�] + ...

iWKB ansatz
<latexit sha1_base64="jVwGFwgGcAl5LQTrFztmkzE5rH4=">AAACCXicdVDLSgMxFM34rPU16tJNsAjtZpgptY+FUHTjskJf0I4lk2ba0ExmSDJCGbp146+4caGIW//AnX9j2o6gogcC555zLzf3eBGjUtn2h7Gyura+sZnZym7v7O7tmweHbRnGApMWDlkouh6ShFFOWooqRrqRICjwGOl4k8u537klQtKQN9U0Im6ARpz6FCOlpYEJ+80xUegmyduFGTxPS5jWeVkYmDnbqtlO7awCl6RaSkm5Bh3LXiAHUjQG5nt/GOI4IFxhhqTsOXak3AQJRTEjs2w/liRCeIJGpKcpRwGRbrK4ZAZPtTKEfij04wou1O8TCQqknAae7gyQGsvf3lz8y+vFyq+6CeVRrAjHy0V+zKAK4TwWOKSCYMWmmiAsqP4rxGMkEFY6vKwO4etS+D9pFy2nbBWvS7n6RRpHBhyDE5AHDqiAOrgCDdACGNyBB/AEno1749F4MV6XrStGOnMEfsB4+wQ5Q5gl</latexit>

⇥(0) = ⇥(0)(s)

<latexit sha1_base64="Qgp6s5whw1VbW2qCvRxCLmTSLZk="></latexit>

G�� = 1, G(ij)(kl) = 4G̃ijkl
<latexit sha1_base64="7aO0eF8UCXgEVvZmm7V670AXzCs="></latexit>

G̃ijkl ⌘
1

2
(�ik�jl + �il�jk � �ij�kl)

<latexit sha1_base64="ZrUV4mdPaDIrbNtH3aOSr8Vv/yo=">AAACBXicdVDLSsNAFJ34rPUVdamLwSJUkJKU2sdCKLpxI1SwD2hqmUynzdiZJMxMhBK6ceOvuHGhiFv/wZ1/47SNoKIHLhzOuZd773FDRqWyrA9jbn5hcWk5tZJeXVvf2DS3thsyiAQmdRywQLRcJAmjPqkrqhhphYIg7jLSdIdnE795S4SkgX+lRiHpcDTwaZ9ipLTUNfecmkevL+AJzDoDxDnqxvRmfASd0KOHXTNj5SqWXTkuwRkpFxJSrEA7Z02RAQlqXfPd6QU44sRXmCEp27YVqk6MhKKYkXHaiSQJER6iAWlr6iNOZCeefjGGB1rpwX4gdPkKTtXvEzHiUo64qzs5Up787U3Ev7x2pPrlTkz9MFLEx7NF/YhBFcBJJLBHBcGKjTRBWFB9K8QeEggrHVxah/D1KfyfNPI5u5jLXxYy1dMkjhTYBfsgC2xQAlVwDmqgDjC4Aw/gCTwb98aj8WK8zlrnjGRmB/yA8fYJ3N6Xkg==</latexit>

�M = (�ij ,�)

<latexit sha1_base64="Yl2OnCSCJLUyLDuqxo1iYN1pyKM="></latexit>

V ⌘ � 1

2
(3)R+

1

2
hij(@i�)(@j�) + V (�)

assign a path parametrize
d with

<latexit sha1_base64="Ad3zFSNTDT588AbV2XUixyhon2Y=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgaZkN6ppb0IvHBMwDkiXMTmaTMbOzy8ysEEK+wIsHRbz6Sd78GycPQUULGoqqbrq7wlRwbTD+cHIrq2vrG/nNwtb2zu5ecf+gqZNMUdagiUhUOySaCS5Zw3AjWDtVjMShYK1wdD3zW/dMaZ7IWzNOWRCTgeQRp8RYqa57xRJ2vbLvY4ywW6lUfP98QfCZjzwXz1GCJWq94nu3n9AsZtJQQbTueDg1wYQow6lg00I30ywldEQGrGOpJDHTwWR+6BSdWKWPokTZkgbN1e8TExJrPY5D2xkTM9S/vZn4l9fJTHQZTLhMM8MkXSyKMoFMgmZfoz5XjBoxtoRQxe2tiA6JItTYbAo2hK9P0f+kWXa9C7dcPytVr5Zx5OEIjuEUPPChCjdQgwZQYPAAT/Ds3DmPzovzumjNOcuZQ/gB5+0TcpKNYw==</latexit> s



<latexit sha1_base64="ygaYXFHp3bJWaHugV/iWkP099pw=">AAAB63icdVDLSsNAFL3xWeur6tLNYBFchaTUPnZFNy4r2Ae0oUymk3bozCTMTIQS+gtuXCji1h9y59+YtBFU9MCFwzn3cu89fsSZNo7zYa2tb2xubRd2irt7+weHpaPjrg5jRWiHhDxUfR9rypmkHcMMp/1IUSx8Tnv+7Drze/dUaRbKOzOPqCfwRLKAEWwyaRhN2ahUduym4zYv62hFGtWc1JrItZ0lypCjPSq9D8chiQWVhnCs9cB1IuMlWBlGOF0Uh7GmESYzPKGDlEosqPaS5a0LdJ4qYxSEKi1p0FL9PpFgofVc+GmnwGaqf3uZ+Jc3iE3Q8BImo9hQSVaLgpgjE6LscTRmihLD5ynBRLH0VkSmWGFi0niKaQhfn6L/SbdiuzW7clstt67yOApwCmdwAS7UoQU30IYOEJjCAzzBsyWsR+vFel21rln5zAn8gPX2CaCQjqY=</latexit>

�

<latexit sha1_base64="JIM33pkTOM4mcgZMb9LOHyzpbFE=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiB4GmZCzHILevEYwSyQDKGn05O06WXo7hHCkM/w4kERr36NN//GTjKCij4oeLxXRVW9MGZUG8/7cHJr6xubW/ntws7u3v5B8fCoo2WiMGljyaTqhUgTRgVpG2oY6cWKIB4y0g2nVwu/e0+UplLcmllMAo7GgkYUI2Ol/mCMOEfDlN7Nh8WS5zY8v3FRgytSr2Sk2oC+6y1RAhlaw+L7YCRxwokwmCGt+74XmyBFylDMyLwwSDSJEZ6iMelbKhAnOkiXJ8/hmVVGMJLKljBwqX6fSBHXesZD28mRmejf3kL8y+snJqoHKRVxYojAq0VRwqCRcPE/HFFFsGEzSxBW1N4K8QQphI1NqWBD+PoU/k86ZdevuuWbSql5mcWRByfgFJwDH9RAE1yDFmgDDCR4AE/g2THOo/PivK5ac042cwx+wHn7BCSkkdg=</latexit>�ij

<latexit sha1_base64="hJ8q6TzGSvXYJva9h8a0BH2ghpY="></latexit>

↵(s,x)
GMN

p
�

�⇥(0)

��N
phase change

<latexit sha1_base64="X7Xoy7UZUJskIgmlU02HNugHqpU=">AAACC3icdVDLSsNAFJ34rPUVdelmaBFchaTWqruiGzdCBfuAJpbJdNIOnUzCzEQoIXs3/oobF4q49Qfc+TdO2ooP9MCFwzn3ztx7/JhRqWz73ZibX1hcWi6sFFfX1jc2za3tlowSgUkTRywSHR9JwignTUUVI51YEBT6jLT90Vnut2+IkDTiV2ocEy9EA04DipHSUs8suYFAOHVjJBRFDLqNIb2+yL4EmfXMsm2d5DiAU1LLiV11bOcQOpY9QRnM0OiZb24/wklIuMIMSdl17Fh5af4gZiQruokkMcIjNCBdTTkKifTSyS0Z3NNKHwaR0MUVnKjfJ1IUSjkOfd0ZIjWUv71c/MvrJio49lLK40QRjqcfBQmDKoJ5MLBPBcGKjTVBWFC9K8RDpMNROr6iDuHzUvg/aVUsp2ZVLqvl+uksjgLYBSWwDxxwBOrgHDRAE2BwC+7BI3gy7owH49l4mbbOGbOZHfADxusHHPSbww==</latexit>

@�M

@s

geometry/matter evolution (wave propagation)

arbitrary function

<latexit sha1_base64="Al4PJ+B4nssaNxg5ipfbhYr7pJE=">AAACC3icdZDJSgNBEIZ7XGPcRj16aRKE5BJmQsxyC3rxGCEbZKOnU0ma9Cx29whhyN2Lr+LFgyJefQFvvo2dZAQV/aHh468qqut3As6ksqwPY219Y3NrO7GT3N3bPzg0j46b0g8FhQb1uS/aDpHAmQcNxRSHdiCAuA6HljO9XNRbtyAk8726mgXQc8nYYyNGidLWwEx1a5LhrmQu3GDoR5rrE1CkH2Ws7BxnZHY+MNNWrmLZlfMSXkG5EEOxgu2ctVQaxaoNzPfu0KehC56inEjZsa1A9SIiFKMc5sluKCEgdErG0NHoERdkL1reMsdn2hnikS/08xReut8nIuJKOXMd3ekSNZG/awvzr1onVKNyL2JeECrw6GrRKORY+XgRDB4yAVTxmQZCBdN/xXRCBKFKx5fUIXxdiv+HZj5nF3P560K6ehHHkUCnKIUyyEYlVEVXqIYaiKI79ICe0LNxbzwaL8brqnXNiGdO0A8Zb59Rjpn6</latexit>

 ' ei⇥
(0)(s)

<latexit sha1_base64="59Ih6fjtK0N5WUf8OdUkHvuvWIk=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgadkNMY+DEPTiMQHzgGQJs5PZZMzs7DIzK4SQL/DiQRGvfpI3/8ZJsoKKFjQUVd10d/kxZ0o7zoeVWVvf2NzKbud2dvf2D/KHR20VJZLQFol4JLs+VpQzQVuaaU67saQ49Dnt+JPrhd+5p1KxSNzqaUy9EI8ECxjB2kjNy0G+4Ng1x61dVNCKVEspKdeQaztLFCBFY5B/7w8jkoRUaMKxUj3XibU3w1Izwuk8108UjTGZ4BHtGSpwSJU3Wx46R2dGGaIgkqaERkv1+8QMh0pNQ990hliP1W9vIf7l9RIdVL0ZE3GiqSCrRUHCkY7Q4ms0ZJISzaeGYCKZuRWRMZaYaJNNzoTw9Sn6n7SLtlu2i81SoX6VxpGFEziFc3ChAnW4gQa0gACFB3iCZ+vOerRerNdVa8ZKZ47hB6y3TxnkjSg=</latexit>=

<latexit sha1_base64="X7Xoy7UZUJskIgmlU02HNugHqpU=">AAACC3icdVDLSsNAFJ34rPUVdelmaBFchaTWqruiGzdCBfuAJpbJdNIOnUzCzEQoIXs3/oobF4q49Qfc+TdO2ooP9MCFwzn3ztx7/JhRqWz73ZibX1hcWi6sFFfX1jc2za3tlowSgUkTRywSHR9JwignTUUVI51YEBT6jLT90Vnut2+IkDTiV2ocEy9EA04DipHSUs8suYFAOHVjJBRFDLqNIb2+yL4EmfXMsm2d5DiAU1LLiV11bOcQOpY9QRnM0OiZb24/wklIuMIMSdl17Fh5af4gZiQruokkMcIjNCBdTTkKifTSyS0Z3NNKHwaR0MUVnKjfJ1IUSjkOfd0ZIjWUv71c/MvrJio49lLK40QRjqcfBQmDKoJ5MLBPBcGKjTVBWFC9K8RDpMNROr6iDuHzUvg/aVUsp2ZVLqvl+uksjgLYBSWwDxxwBOrgHDRAE2BwC+7BI3gy7owH49l4mbbOGbOZHfADxusHHPSbww==</latexit>

@�M

@s

<latexit sha1_base64="hJ8q6TzGSvXYJva9h8a0BH2ghpY="></latexit>

↵(s,x)
GMN

p
�

�⇥(0)

��N

<latexit sha1_base64="91s9OSRQaQtnivSHjgRlOcVabN4="></latexit>

↵(s,x) =

p
Kp
�V

Substituting into 

the WdW equation

<latexit sha1_base64="49LgM9vsqNUni9+gDtZ9VtiepqI="></latexit>

K ⌘ 1

2
GMN

@�M (s,x)

@s

@�N (s,x)

@s

<latexit sha1_base64="9oc28VDVLnUoeauEAygnXa9J6b0="></latexit>

⇥(0)(sf )�⇥(0)(si) =

Z sf

si

ds

Z
d3x

�⇥(0)(s)

��M (s, x)

@�M (s,x)

@s
=

Z sf

si

ds

Z
d3x

2
p
�

↵
K

<latexit sha1_base64="9oc28VDVLnUoeauEAygnXa9J6b0="></latexit>

⇥(0)(sf )�⇥(0)(si) =

Z sf

si

ds

Z
d3x

�⇥(0)(s)

��M (s, x)

@�M (s,x)

@s
=

Z sf

si

ds

Z
d3x

2
p
�

↵
K

What does it mean?

phase change



What’s 
<latexit sha1_base64="SwQxAa7hI/hPuOrOUqLMhbatktY=">AAAB/HicdVDLSsNAFJ34rPUV7dLNYBEqSElK7WNXdOOygn1AE8pkOmmHTiZhZiKGUH/FjQtF3Poh7vwbp20EFT1w4XDOvdx7jxcxKpVlfRgrq2vrG5u5rfz2zu7evnlw2JVhLDDp4JCFou8hSRjlpKOoYqQfCYICj5GeN72c+71bIiQN+Y1KIuIGaMypTzFSWhqaBQexaIJgSZ7B1PF8eDc7HZpFq9y07OZ5HS5Jo5qRWhPaZWuBIsjQHprvzijEcUC4wgxJObCtSLkpEopiRmZ5J5YkQniKxmSgKUcBkW66OH4GT7Qygn4odHEFF+r3iRQFUiaBpzsDpCbytzcX//IGsfIbbkp5FCvC8XKRHzOoQjhPAo6oIFixRBOEBdW3QjxBAmGl88rrEL4+hf+TbqVs18qV62qxdZHFkQNH4BiUgA3qoAWuQBt0AAYJeABP4Nm4Nx6NF+N12bpiZDMF8APG2yeLk5QW</latexit>

↵(s,x)?
<latexit sha1_base64="91s9OSRQaQtnivSHjgRlOcVabN4="></latexit>

↵(s,x) =

p
Kp
�V

square
<latexit sha1_base64="Ays49I8QooxVHNZzg73R421ZROs="></latexit>

0 =
p
�

✓
K
↵2

+ V
◆

<latexit sha1_base64="uTro00GJAcH6yN0C8tZfu2Ur1mQ="></latexit>

=
p
�


(@s�)2

2↵2
+

Gijkl

8↵2
(@shij)(@shkl) +

hij

2
(@i�)(@j�) + V (�)�

(3)R
2

�

<latexit sha1_base64="reA1yb7y1pAqQU7w99m6iSTP6zQ=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwFZJS+9gV3biSCvYBTSg300k7dDIJMxOhlP6GGxeKuPVn3Pk3TtsIKnrgwuGce7n3niDhTGnH+bBya+sbm1v57cLO7t7+QfHwqKPiVBLaJjGPZS8ARTkTtK2Z5rSXSApRwGk3mFwt/O49lYrF4k5PE+pHMBIsZAS0kTwPeDIG7OkY3wyKJcduOG7jooZXpF7JSLWBXdtZooQytAbFd28YkzSiQhMOSvVdJ9H+DKRmhNN5wUsVTYBMYET7hgqIqPJny5vn+MwoQxzG0pTQeKl+n5hBpNQ0CkxnBHqsfnsL8S+vn+qw7s+YSFJNBVktClOOzYuLAPCQSUo0nxoCRDJzKyZjkEC0ialgQvj6FP9POmXbrdrl20qpeZnFkUcn6BSdIxfVUBNdoxZqI4IS9ICe0LOVWo/Wi/W6as1Z2cwx+gHr7RPD4ZGI</latexit>

↵ ! N
<latexit sha1_base64="8IUem5lF6QM4iVnNA+5RWBQxXFs=">AAAB8HicdVDLSgMxFL1TX7W+qi7dBIvgapgptY9d0Y3LCvYh7VgyaaYNzWSGJCOW0q9w40IRt36OO//GtB1BRQ8EDufcS+45fsyZ0o7zYWVWVtfWN7Kbua3tnd29/P5BS0WJJLRJIh7Jjo8V5UzQpmaa004sKQ59Ttv++GLut++oVCwS13oSUy/EQ8ECRrA20o1CPR2h+1unny84ds1xa2cVtCTVUkrKNeTazgIFSNHo5997g4gkIRWacKxU13Vi7U2x1IxwOsv1EkVjTMZ4SLuGChxS5U0XB8/QiVEGKIikeUKjhfp9Y4pDpSahbyZDrEfqtzcX//K6iQ6q3pSJONFUkOVHQcKRCTlPjwZMUqL5xBBMJDO3IjLCEhNtOsqZEr6Sov9Jq2i7Zbt4VSrUz9M6snAEx3AKLlSgDpfQgCYQCOEBnuDZktaj9WK9LkczVrpzCD9gvX0CcUGQMw==</latexit>

s ! x0identification of  and
lapse time coordinate

Hamiltonian constraint



Does          correspond to           ?
<latexit sha1_base64="SwQxAa7hI/hPuOrOUqLMhbatktY=">AAAB/HicdVDLSsNAFJ34rPUV7dLNYBEqSElK7WNXdOOygn1AE8pkOmmHTiZhZiKGUH/FjQtF3Poh7vwbp20EFT1w4XDOvdx7jxcxKpVlfRgrq2vrG5u5rfz2zu7evnlw2JVhLDDp4JCFou8hSRjlpKOoYqQfCYICj5GeN72c+71bIiQN+Y1KIuIGaMypTzFSWhqaBQexaIJgSZ7B1PF8eDc7HZpFq9y07OZ5HS5Jo5qRWhPaZWuBIsjQHprvzijEcUC4wgxJObCtSLkpEopiRmZ5J5YkQniKxmSgKUcBkW66OH4GT7Qygn4odHEFF+r3iRQFUiaBpzsDpCbytzcX//IGsfIbbkp5FCvC8XKRHzOoQjhPAo6oIFixRBOEBdW3QjxBAmGl88rrEL4+hf+TbqVs18qV62qxdZHFkQNH4BiUgA3qoAWuQBt0AAYJeABP4Nm4Nx6NF+N12bpiZDMF8APG2yeLk5QW</latexit>

↵(s,x)
<latexit sha1_base64="vIdUh3500HXa3zInLVnhU3deGWI=">AAAB9XicdVDJSgNBEK2JW4xb1KOXxiBEkDATYpZb0IsniWAWSMbQ0+lJmvQsdPeoYch/ePGgiFf/xZt/YycZQUUfFDzeq6KqnhNyJpVpfhippeWV1bX0emZjc2t7J7u715JBJAhtkoAHouNgSTnzaVMxxWknFBR7DqdtZ3w+89u3VEgW+NdqElLbw0OfuYxgpaWbS5SXJyjuOS66nx73szmzUDOt2mkFLUi1lJByDVkFc44cJGj0s++9QUAij/qKcCxl1zJDZcdYKEY4nWZ6kaQhJmM8pF1NfexRacfzq6foSCsD5AZCl6/QXP0+EWNPyonn6E4Pq5H87c3Ev7xupNyqHTM/jBT1yWKRG3GkAjSLAA2YoETxiSaYCKZvRWSEBSZKB5XRIXx9iv4nrWLBKheKV6Vc/SyJIw0HcAh5sKACdbiABjSBgIAHeIJn4854NF6M10Vrykhm9uEHjLdPEuyRnw==</latexit>

N(s,x)

<latexit sha1_base64="91s9OSRQaQtnivSHjgRlOcVabN4="></latexit>

↵(s,x) =

p
Kp
�V

We assume 

real/imaginary                          Lorentzian/Euclidean evolution

<latexit sha1_base64="SwQxAa7hI/hPuOrOUqLMhbatktY=">AAAB/HicdVDLSsNAFJ34rPUV7dLNYBEqSElK7WNXdOOygn1AE8pkOmmHTiZhZiKGUH/FjQtF3Poh7vwbp20EFT1w4XDOvdx7jxcxKpVlfRgrq2vrG5u5rfz2zu7evnlw2JVhLDDp4JCFou8hSRjlpKOoYqQfCYICj5GeN72c+71bIiQN+Y1KIuIGaMypTzFSWhqaBQexaIJgSZ7B1PF8eDc7HZpFq9y07OZ5HS5Jo5qRWhPaZWuBIsjQHprvzijEcUC4wgxJObCtSLkpEopiRmZ5J5YkQniKxmSgKUcBkW66OH4GT7Qygn4odHEFF+r3iRQFUiaBpzsDpCbytzcX//IGsfIbbkp5FCvC8XKRHzOoQjhPAo6oIFixRBOEBdW3QjxBAmGl88rrEL4+hf+TbqVs18qV62qxdZHFkQNH4BiUgA3qoAWuQBt0AAYJeABP4Nm4Nx6NF+N12bpiZDMF8APG2yeLk5QW</latexit>

↵(s,x)

local

<latexit sha1_base64="JIM33pkTOM4mcgZMb9LOHyzpbFE=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiB4GmZCzHILevEYwSyQDKGn05O06WXo7hHCkM/w4kERr36NN//GTjKCij4oeLxXRVW9MGZUG8/7cHJr6xubW/ntws7u3v5B8fCoo2WiMGljyaTqhUgTRgVpG2oY6cWKIB4y0g2nVwu/e0+UplLcmllMAo7GgkYUI2Ol/mCMOEfDlN7Nh8WS5zY8v3FRgytSr2Sk2oC+6y1RAhlaw+L7YCRxwokwmCGt+74XmyBFylDMyLwwSDSJEZ6iMelbKhAnOkiXJ8/hmVVGMJLKljBwqX6fSBHXesZD28mRmejf3kL8y+snJqoHKRVxYojAq0VRwqCRcPE/HFFFsGEzSxBW1N4K8QQphI1NqWBD+PoU/k86ZdevuuWbSql5mcWRByfgFJwDH9RAE1yDFmgDDCR4AE/g2THOo/PivK5ac042cwx+wHn7BCSkkdg=</latexit>�ij

<latexit sha1_base64="ygaYXFHp3bJWaHugV/iWkP099pw=">AAAB63icdVDLSsNAFL3xWeur6tLNYBFchaTUPnZFNy4r2Ae0oUymk3bozCTMTIQS+gtuXCji1h9y59+YtBFU9MCFwzn3cu89fsSZNo7zYa2tb2xubRd2irt7+weHpaPjrg5jRWiHhDxUfR9rypmkHcMMp/1IUSx8Tnv+7Drze/dUaRbKOzOPqCfwRLKAEWwyaRhN2ahUduym4zYv62hFGtWc1JrItZ0lypCjPSq9D8chiQWVhnCs9cB1IuMlWBlGOF0Uh7GmESYzPKGDlEosqPaS5a0LdJ4qYxSEKi1p0FL9PpFgofVc+GmnwGaqf3uZ+Jc3iE3Q8BImo9hQSVaLgpgjE6LscTRmihLD5ynBRLH0VkSmWGFi0niKaQhfn6L/SbdiuzW7clstt67yOApwCmdwAS7UoQU30IYOEJjCAzzBsyWsR+vFel21rln5zAn8gPX2CaCQjqY=</latexit>

�

<latexit sha1_base64="YL2E1+xe36xUEn73xnxjfJI96V4=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbRU0hK7cet6MVjBdMW2lA22227dLMJuxuhhP4GLx4U8eoP8ua/cdtGUNEHA4/3ZpiZF8ScKe04H1ZubX1jcyu/XdjZ3ds/KB4etVWUSEI9EvFIdgOsKGeCepppTruxpDgMOO0E0+uF37mnUrFI3OlZTP0QjwUbMYK1kbx+PGHng2LJsRuO27isoRWpVzJSbSDXdpYoQYbWoPjeH0YkCanQhGOleq4Taz/FUjPC6bzQTxSNMZniMe0ZKnBIlZ8uj52jM6MM0SiSpoRGS/X7RIpDpWZhYDpDrCfqt7cQ//J6iR7V/ZSJONFUkNWiUcKRjtDiczRkkhLNZ4ZgIpm5FZEJlphok0/BhPD1KfqftMu2W7XLt5VS8yqLIw8ncAoX4EINmnADLfCAAIMHeIJnS1iP1ov1umrNWdnMMfyA9fYJAkKO1w==</latexit>

�0
<latexit sha1_base64="ywrgyWjHYF4u/kkXtd02kcjG8hQ=">AAAB83icdVDLSsNAFJ34rPVVdelmsIiuQlJqH7uiG5cV7AOaUG6m03bsTBJmJkIJ/Q03LhRx68+482+cthFU9MCFwzn3cu89QcyZ0o7zYa2srq1vbOa28ts7u3v7hYPDtooSSWiLRDyS3QAU5SykLc00p91YUhABp51gcjX3O/dUKhaFt3oaU1/AKGRDRkAbyfNGIAT0U3Y3O+sXio5dd9z6RRUvSa2ckUodu7azQBFlaPYL794gIomgoSYclOq5Tqz9FKRmhNNZ3ksUjYFMYER7hoYgqPLTxc0zfGqUAR5G0lSo8UL9PpGCUGoqAtMpQI/Vb28u/uX1Ej2s+SkL40TTkCwXDROOdYTnAeABk5RoPjUEiGTmVkzGIIFoE1PehPD1Kf6ftEu2W7FLN+Vi4zKLI4eO0Qk6Ry6qoga6Rk3UQgTF6AE9oWcrsR6tF+t12bpiZTNH6Aest0+JQZIJ</latexit>

�0
ij

real
imaginary

However, the meaning of 
<latexit sha1_base64="y1ZOydKn2KFqnMZ8UDAl0NtcwMk=">AAACB3icdVDJSgNBEO1xjXGLehSkMQgRJMyEmOUW1IPHCGaBTAg1nZ6kSc9Cd48YJrl58Ve8eFDEq7/gzb+xswgq+qDg8V4VVfWckDOpTPPDWFhcWl5ZTawl1zc2t7ZTO7t1GUSC0BoJeCCaDkjKmU9riilOm6Gg4DmcNpzB+cRv3FAhWeBfq2FI2x70fOYyAkpLndTByAYe9gFn5AmObcfFt+NjbF9QrgDLUSeVNrNl0yqfFvGMlPJzUihjK2tOkUZzVDupd7sbkMijviIcpGxZZqjaMQjFCKfjpB1JGgIZQI+2NPXBo7IdT/8Y4yOtdLEbCF2+wlP1+0QMnpRDz9GdHqi+/O1NxL+8VqTcUjtmfhgp6pPZIjfiWAV4EgruMkGJ4kNNgAimb8WkDwKI0tEldQhfn+L/ST2XtQrZ3FU+XTmbx5FA++gQZZCFiqiCLlEV1RBBd+gBPaFn4954NF6M11nrgjGf2UM/YLx9AnkumHU=</latexit>

|↵(s,x)�s|
is still obscure. 

~ length of



Is the nucleation of Coleman de Luccia bubble most probable?

However, the meaning of 
<latexit sha1_base64="y1ZOydKn2KFqnMZ8UDAl0NtcwMk=">AAACB3icdVDJSgNBEO1xjXGLehSkMQgRJMyEmOUW1IPHCGaBTAg1nZ6kSc9Cd48YJrl58Ve8eFDEq7/gzb+xswgq+qDg8V4VVfWckDOpTPPDWFhcWl5ZTawl1zc2t7ZTO7t1GUSC0BoJeCCaDkjKmU9riilOm6Gg4DmcNpzB+cRv3FAhWeBfq2FI2x70fOYyAkpLndTByAYe9gFn5AmObcfFt+NjbF9QrgDLUSeVNrNl0yqfFvGMlPJzUihjK2tOkUZzVDupd7sbkMijviIcpGxZZqjaMQjFCKfjpB1JGgIZQI+2NPXBo7IdT/8Y4yOtdLEbCF2+wlP1+0QMnpRDz9GdHqi+/O1NxL+8VqTcUjtmfhgp6pPZIjfiWAV4EgruMkGJ4kNNgAimb8WkDwKI0tEldQhfn+L/ST2XtQrZ3FU+XTmbx5FA++gQZZCFiqiCLlEV1RBBd+gBPaFn4954NF6M11nrgjGf2UM/YLx9AnkumHU=</latexit>

|↵(s,x)�s|
is still obscure. 

~ length of

We cannot compute the “rate” of vacuum decay!!
<latexit sha1_base64="FnGCSFoS540EdAO2Cgzmld3gjtE=">AAAB/XicdVDLSsNAFJ34rPUVHzs3g0VwY0hK7WNX60KXFewDmlgm02k7dCYJMxOhhuKvuHGhiFv/w51/47SNoKIHLhzOuZd77/EjRqWy7Q9jYXFpeWU1s5Zd39jc2jZ3dpsyjAUmDRyyULR9JAmjAWkoqhhpR4Ig7jPS8kfnU791S4SkYXCtxhHxOBoEtE8xUlrqmvvuBeIcQVdSDs8guUlOapOumbOtiu1UTktwTsqFlBQr0LHsGXIgRb1rvru9EMecBAozJGXHsSPlJUgoihmZZN1YkgjhERqQjqYB4kR6yez6CTzSSg/2Q6ErUHCmfp9IEJdyzH3dyZEayt/eVPzL68SqX/YSGkSxIgGeL+rHDKoQTqOAPSoIVmysCcKC6lshHiKBsNKBZXUIX5/C/0kzbzlFK39VyFVraRwZcAAOwTFwQAlUwSWogwbA4A48gCfwbNwbj8aL8TpvXTDSmT3wA8bbJ1aalIk=</latexit>

� ⇠ Ae�B
exponential suppression

is possible to predict!!

globally Euclidean 
during transition

<latexit sha1_base64="626K98m7RiocQU9VsBN7H9Gt5RI=">AAAB83icdVDJSgNBEO1xjXGLevTSGARPw0yQaG5BETxGMAtkhtDT6Uma9PQM3dVCGPIbXjwo4tWf8ebf2FkE1wcFj/eqqKoXZYJr8Lx3Z2l5ZXVtvbBR3Nza3tkt7e23dGoUZU2ailR1IqKZ4JI1gYNgnUwxkkSCtaPR5dRv3zGleSpvYZyxMCEDyWNOCVgpCICYXh6oBF9NeqWy59Y8v1b18W/iu94MZbRAo1d6C/opNQmTQAXRuut7GYQ5UcCpYJNiYDTLCB2RAetaKknCdJjPbp7gY6v0cZwqWxLwTP06kZNE63ES2c6EwFD/9KbiX17XQHwe5lxmBpik80WxERhSPA0A97liFMTYEkIVt7diOiSKULAxFW0In5/i/0mr4vpVt3JzWq5fLOIooEN0hE6Qj85QHV2jBmoiijJ0jx7Rk2OcB+fZeZm3LjmLmQP0Dc7rB1K4keQ=</latexit>⌧E
<latexit sha1_base64="sOw1KS9lSOVx4gnExQ2SRKAwpQw=">AAAB6XicdVDLSsNAFL3xWeur6tLNYBFcxaTUPnZFNy6r2Ae0oUymk3boZBJmJkIJ/QM3LhRx6x+582+cthFU9MCFwzn3cu89fsyZ0o7zYa2srq1vbOa28ts7u3v7hYPDtooSSWiLRDySXR8rypmgLc00p91YUhz6nHb8ydXc79xTqVgk7vQ0pl6IR4IFjGBtpNtzPSgUHbvuuPWLKlqSWjkjlTpybWeBImRoDgrv/WFEkpAKTThWquc6sfZSLDUjnM7y/UTRGJMJHtGeoQKHVHnp4tIZOjXKEAWRNCU0WqjfJ1IcKjUNfdMZYj1Wv725+JfXS3RQ81Im4kRTQZaLgoQjHaH522jIJCWaTw3BRDJzKyJjLDHRJpy8CeHrU/Q/aZdst2KXbsrFxmUWRw6O4QTOwIUqNOAamtACAgE8wBM8WxPr0XqxXpetK1Y2cwQ/YL19AtmPjZg=</latexit>

/t
True

Euclidean
Lorentzian

<latexit sha1_base64="1/CQeaAYKLY6x3Hiy4dRkh35Z+Y=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hK7cet6MVjBdMW2lA22027dLMJuxuxlP4GLx4U8eoP8ua/cdtGUNEHA4/3ZpiZFyScKe04H1ZubX1jcyu/XdjZ3ds/KB4etVWcSkI9EvNYdgOsKGeCepppTruJpDgKOO0Ek6uF37mjUrFY3OppQv0IjwQLGcHaSF4/CNH9oFhy7IbjNi5qaEXqlYxUG8i1nSVKkKE1KL73hzFJIyo04Vipnusk2p9hqRnhdF7op4ommEzwiPYMFTiiyp8tj52jM6MMURhLU0Kjpfp9YoYjpaZRYDojrMfqt7cQ//J6qQ7r/oyJJNVUkNWiMOVIx2jxORoySYnmU0MwkczcisgYS0y0yadgQvj6FP1P2mXbrdrlm0qpeZnFkYcTOIVzcKEGTbiGFnhAgMEDPMGzJaxH68V6XbXmrGzmGH7AevsE9ZyOzw==</latexit>x

real
imaginary

<latexit sha1_base64="JIM33pkTOM4mcgZMb9LOHyzpbFE=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiB4GmZCzHILevEYwSyQDKGn05O06WXo7hHCkM/w4kERr36NN//GTjKCij4oeLxXRVW9MGZUG8/7cHJr6xubW/ntws7u3v5B8fCoo2WiMGljyaTqhUgTRgVpG2oY6cWKIB4y0g2nVwu/e0+UplLcmllMAo7GgkYUI2Ol/mCMOEfDlN7Nh8WS5zY8v3FRgytSr2Sk2oC+6y1RAhlaw+L7YCRxwokwmCGt+74XmyBFylDMyLwwSDSJEZ6iMelbKhAnOkiXJ8/hmVVGMJLKljBwqX6fSBHXesZD28mRmejf3kL8y+snJqoHKRVxYojAq0VRwqCRcPE/HFFFsGEzSxBW1N4K8QQphI1NqWBD+PoU/k86ZdevuuWbSql5mcWRByfgFJwDH9RAE1yDFmgDDCR4AE/g2THOo/PivK5ac042cwx+wHn7BCSkkdg=</latexit>�ij

<latexit sha1_base64="ygaYXFHp3bJWaHugV/iWkP099pw=">AAAB63icdVDLSsNAFL3xWeur6tLNYBFchaTUPnZFNy4r2Ae0oUymk3bozCTMTIQS+gtuXCji1h9y59+YtBFU9MCFwzn3cu89fsSZNo7zYa2tb2xubRd2irt7+weHpaPjrg5jRWiHhDxUfR9rypmkHcMMp/1IUSx8Tnv+7Drze/dUaRbKOzOPqCfwRLKAEWwyaRhN2ahUduym4zYv62hFGtWc1JrItZ0lypCjPSq9D8chiQWVhnCs9cB1IuMlWBlGOF0Uh7GmESYzPKGDlEosqPaS5a0LdJ4qYxSEKi1p0FL9PpFgofVc+GmnwGaqf3uZ+Jc3iE3Q8BImo9hQSVaLgpgjE6LscTRmihLD5ynBRLH0VkSmWGFi0niKaQhfn6L/SbdiuzW7clstt67yOApwCmdwAS7UoQU30IYOEJjCAzzBsyWsR+vFel21rln5zAn8gPX2CaCQjqY=</latexit>

�

<latexit sha1_base64="YL2E1+xe36xUEn73xnxjfJI96V4=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbRU0hK7cet6MVjBdMW2lA22227dLMJuxuhhP4GLx4U8eoP8ua/cdtGUNEHA4/3ZpiZF8ScKe04H1ZubX1jcyu/XdjZ3ds/KB4etVWUSEI9EvFIdgOsKGeCepppTruxpDgMOO0E0+uF37mnUrFI3OlZTP0QjwUbMYK1kbx+PGHng2LJsRuO27isoRWpVzJSbSDXdpYoQYbWoPjeH0YkCanQhGOleq4Taz/FUjPC6bzQTxSNMZniMe0ZKnBIlZ8uj52jM6MM0SiSpoRGS/X7RIpDpWZhYDpDrCfqt7cQ//J6iR7V/ZSJONFUkNWiUcKRjtDiczRkkhLNZ4ZgIpm5FZEJlphok0/BhPD1KfqftMu2W7XLt5VS8yqLIw8ncAoX4EINmnADLfCAAIMHeIJnS1iP1ov1umrNWdnMMfyA9fYJAkKO1w==</latexit>

�0
<latexit sha1_base64="ywrgyWjHYF4u/kkXtd02kcjG8hQ=">AAAB83icdVDLSsNAFJ34rPVVdelmsIiuQlJqH7uiG5cV7AOaUG6m03bsTBJmJkIJ/Q03LhRx68+482+cthFU9MCFwzn3cu89QcyZ0o7zYa2srq1vbOa28ts7u3v7hYPDtooSSWiLRDyS3QAU5SykLc00p91YUhABp51gcjX3O/dUKhaFt3oaU1/AKGRDRkAbyfNGIAT0U3Y3O+sXio5dd9z6RRUvSa2ckUodu7azQBFlaPYL794gIomgoSYclOq5Tqz9FKRmhNNZ3ksUjYFMYER7hoYgqPLTxc0zfGqUAR5G0lSo8UL9PpGCUGoqAtMpQI/Vb28u/uX1Ej2s+SkL40TTkCwXDROOdYTnAeABk5RoPjUEiGTmVkzGIIFoE1PehPD1Kf6ftEu2W7FLN+Vi4zKLI4eO0Qk6Ry6qoga6Rk3UQgTF6AE9oWcrsR6tF+t12bpiZTNH6Aest0+JQZIJ</latexit>

�0
ij

partially Euclidean 
& partially Lorentzian 

during transition



Methodology
<latexit sha1_base64="mo0krlu+gYvgkLPEhQJ0KwRxcA8=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCq2Gm1D52RTcuK9gHtEPJpHfa0MzDJCPUoV/ixoUibv0Ud/6NaTuCih643MM595Kb48WcSWXbH0ZubX1jcyu/XdjZ3dsvmgeHHRklgkKbRjwSPY9I4CyEtmKKQy8WQAKPQ9ebXi787h0IyaLwRs1icAMyDpnPKFFaGppFGw843GK5as7QLNlWw3Ya5zW8IvVKRqoN7Fj2EiWUoTU03wejiCYBhIpyImXfsWPlpkQoRjnMC4NEQkzolIyhr2lIApBuujx8jk+1MsJ+JHSFCi/V7xspCaScBZ6eDIiayN/eQvzL6yfKr7spC+NEQUhXD/kJxyrCixTwiAmgis80IVQwfSumEyIIVTqrgg7h66f4f9IpW07VKl9XSs2LLI48OkYn6Aw5qIaa6Aq1UBtRlKAH9ISejXvj0XgxXlejOSPbOUI/YLx9AkTLkjg=</latexit>

0  s  1

<latexit sha1_base64="ygaYXFHp3bJWaHugV/iWkP099pw=">AAAB63icdVDLSsNAFL3xWeur6tLNYBFchaTUPnZFNy4r2Ae0oUymk3bozCTMTIQS+gtuXCji1h9y59+YtBFU9MCFwzn3cu89fsSZNo7zYa2tb2xubRd2irt7+weHpaPjrg5jRWiHhDxUfR9rypmkHcMMp/1IUSx8Tnv+7Drze/dUaRbKOzOPqCfwRLKAEWwyaRhN2ahUduym4zYv62hFGtWc1JrItZ0lypCjPSq9D8chiQWVhnCs9cB1IuMlWBlGOF0Uh7GmESYzPKGDlEosqPaS5a0LdJ4qYxSEKi1p0FL9PpFgofVc+GmnwGaqf3uZ+Jc3iE3Q8BImo9hQSVaLgpgjE6LscTRmihLD5ynBRLH0VkSmWGFi0niKaQhfn6L/SbdiuzW7clstt67yOApwCmdwAS7UoQU30IYOEJjCAzzBsyWsR+vFel21rln5zAn8gPX2CaCQjqY=</latexit>

�

<latexit sha1_base64="C1KZyDRZgsqQrAm+0WtcWmGJG6E=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgKiRF+9gV3bhswT6gDWUynbRjJ5MwMxFK6Be4caGIWz/JnX/jtI2gogcuHM65l3vv8WPOlHacDyu3tr6xuZXfLuzs7u0fFA+POipKJKFtEvFI9nysKGeCtjXTnPZiSXHoc9r1p9cLv3tPpWKRuNWzmHohHgsWMIK1kVpyWCw5dt1x65dVtCK1i4xU6si1nSVKkKE5LL4PRhFJQio04VipvuvE2kux1IxwOi8MEkVjTKZ4TPuGChxS5aXLQ+fozCgjFETSlNBoqX6fSHGo1Cz0TWeI9UT99hbiX14/0UHNS5mIE00FWS0KEo50hBZfoxGTlGg+MwQTycytiEywxESbbAomhK9P0f+kU7bdil1uXZQaV1kceTiBUzgHF6rQgBtoQhsIUHiAJ3i27qxH68V6XbXmrGzmGH7AevsEajiNXQ==</latexit>r
s=0

s=1

initial configuration set to CdL solution

transition starts transition completed

entirely Euclidean
<latexit sha1_base64="kJYHtxKVAKZYot9/TqHkCiyX5ek=">AAAB83icdVBNS8NAEN3Ur1q/qh69LBbBU0hK7Qd4KHrxWMG2QhPLZLtpl26SZXcjlNK/4cWDIl79M978N27bCCr6YODx3gwz8wLBmdKO82HlVlbX1jfym4Wt7Z3dveL+QUclqSS0TRKeyNsAFOUspm3NNKe3QlKIAk67wfhy7nfvqVQsiW/0RFA/gmHMQkZAG8nzgIsR3JXxOXb6xZJjNxy3cVbDS1KvZKTawK7tLFBCGVr94rs3SEga0VgTDkr1XEdofwpSM8LprOCligogYxjSnqExRFT508XNM3xilAEOE2kq1nihfp+YQqTUJApMZwR6pH57c/Evr5fqsO5PWSxSTWOyXBSmHOsEzwPAAyYp0XxiCBDJzK2YjEAC0Samggnh61P8P+mUbbdql68rpeZFFkceHaFjdIpcVENNdIVaqI0IEugBPaFnK7UerRfrddmas7KZQ/QD1tsn5zqQ9w==</latexit>

↵2 < 0

randomly perturb & optimize the config.

to find a solution such that:

<latexit sha1_base64="260tdMEmmuyNzEHvMSbfiXrimFY="></latexit>

�⇥(0)

��M
' 0

<latexit sha1_base64="AN3CBmS31oW8UkUsyPp78F5516I=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5CU2ge4KK0LFy4q2Ae0IUym03boZBJmJkIN/RI3LhRx66e482+cthFU9MCFwzn3cu89fsSoVLb9YWTW1jc2t7LbuZ3dvf28eXDYkWEsMGnjkIWi5yNJGOWkrahipBcJggKfka4/bS787h0Rkob8Vs0i4gZozOmIYqS05Jn5BryADS8ZiAA2L6/nnlmwrZrt1M4rcEWqpZSUa9Cx7CUKIEXLM98HwxDHAeEKMyRl37Ej5SZIKIoZmecGsSQRwlM0Jn1NOQqIdJPl4XN4qpUhHIVCF1dwqX6fSFAg5SzwdWeA1ET+9hbiX14/VqOqm1AexYpwvFo0ihlUIVykAIdUEKzYTBOEBdW3QjxBAmGls8rpEL4+hf+TTtFyylbxplSoN9I4suAYnIAz4IAKqIMr0AJtgEEMHsATeDbujUfjxXhdtWaMdOYI/IDx9gkxC5It</latexit>

B < BCDL

<latexit sha1_base64="XzTc5ABgDqwFcKwnNgjOPeqQKKY=">AAACC3icdVDJSgNBEO1xN25Rj14agxAvYSZolpvEi94iJFHIxNDTqZjGnsXummAYcvfir3jxoIhXf8Cbf2NnEVT0QcHjvSqq6nmRFBpt+8OamZ2bX1hcWk6trK6tb6Q3txo6jBWHOg9lqC48pkGKAOooUMJFpID5noRz7/p45J/3QWkRBjUcRNDy2VUguoIzNFI7vVuhLtzEok9dhFtMTv0hzebdWg+QXSZZe3+4305n7FzZdsqHRTohpYMpKZSpk7PHyJApqu30u9sJeexDgFwyrZuOHWErYQoFlzBMubGGiPFrdgVNQwPmg24l41+GdM8oHdoNlakA6Vj9PpEwX+uB75lOn2FP//ZG4l9eM8ZuqZWIIIoRAj5Z1I0lxZCOgqEdoYCjHBjCuBLmVsp7TDGOJr6UCeHrU/o/aeRzTiGXPzvIHFWmcSyRHbJLssQhRXJETkiV1Aknd+SBPJFn6956tF6s10nrjDWd2SY/YL19AmeVmgk=</latexit>

B ⌘ Im(2⇥(0))

symmetry is restricted to O(3)
<latexit sha1_base64="ygaYXFHp3bJWaHugV/iWkP099pw=">AAAB63icdVDLSsNAFL3xWeur6tLNYBFchaTUPnZFNy4r2Ae0oUymk3bozCTMTIQS+gtuXCji1h9y59+YtBFU9MCFwzn3cu89fsSZNo7zYa2tb2xubRd2irt7+weHpaPjrg5jRWiHhDxUfR9rypmkHcMMp/1IUSx8Tnv+7Drze/dUaRbKOzOPqCfwRLKAEWwyaRhN2ahUduym4zYv62hFGtWc1JrItZ0lypCjPSq9D8chiQWVhnCs9cB1IuMlWBlGOF0Uh7GmESYzPKGDlEosqPaS5a0LdJ4qYxSEKi1p0FL9PpFgofVc+GmnwGaqf3uZ+Jc3iE3Q8BImo9hQSVaLgpgjE6LscTRmihLD5ynBRLH0VkSmWGFi0niKaQhfn6L/SbdiuzW7clstt67yOApwCmdwAS7UoQU30IYOEJjCAzzBsyWsR+vFel21rln5zAn8gPX2CaCQjqY=</latexit>

�

<latexit sha1_base64="C1KZyDRZgsqQrAm+0WtcWmGJG6E=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgKiRF+9gV3bhswT6gDWUynbRjJ5MwMxFK6Be4caGIWz/JnX/jtI2gogcuHM65l3vv8WPOlHacDyu3tr6xuZXfLuzs7u0fFA+POipKJKFtEvFI9nysKGeCtjXTnPZiSXHoc9r1p9cLv3tPpWKRuNWzmHohHgsWMIK1kVpyWCw5dt1x65dVtCK1i4xU6si1nSVKkKE5LL4PRhFJQio04VipvuvE2kux1IxwOi8MEkVjTKZ4TPuGChxS5aXLQ+fozCgjFETSlNBoqX6fSHGo1Cz0TWeI9UT99hbiX14/0UHNS5mIE00FWS0KEo50hBZfoxGTlGg+MwQTycytiEywxESbbAomhK9P0f+kU7bdil1uXZQaV1kceTiBUzgHF6rQgBtoQhsIUHiAJ3i27qxH68V6XbXmrGzmGH7AevsEajiNXQ==</latexit>r
s=0

s=1

(Monte Carlo simulation)

<latexit sha1_base64="KCCtjmWdCOAHgQsGreJtRU7OGrg=">AAAB83icdVBNS8NAEN3Ur1q/qh69LBbBU0hK7cdFil48VrCt0MQy2W7apZtk2d0IpfRvePGgiFf/jDf/jds2goo+GHi8N8PMvEBwprTjfFi5ldW19Y38ZmFre2d3r7h/0FFJKgltk4Qn8jYARTmLaVszzemtkBSigNNuML6c+917KhVL4hs9EdSPYBizkBHQRvI84GIEd2V8jp1+seTYDcdtnNXwktQrGak2sGs7C5RQhla/+O4NEpJGNNaEg1I91xHan4LUjHA6K3ipogLIGIa0Z2gMEVX+dHHzDJ8YZYDDRJqKNV6o3yemECk1iQLTGYEeqd/eXPzL66U6rPtTFotU05gsF4UpxzrB8wDwgElKNJ8YAkQycysmI5BAtImpYEL4+hT/Tzpl263a5etKqXmRxZFHR+gYnSIX1VATXaEWaiOCBHpAT+jZSq1H68V6XbbmrGzmEP2A9fYJ6kaQ+Q==</latexit> ↵
2
>

0

<latexit sha1_base64="KCCtjmWdCOAHgQsGreJtRU7OGrg=">AAAB83icdVBNS8NAEN3Ur1q/qh69LBbBU0hK7cdFil48VrCt0MQy2W7apZtk2d0IpfRvePGgiFf/jDf/jds2goo+GHi8N8PMvEBwprTjfFi5ldW19Y38ZmFre2d3r7h/0FFJKgltk4Qn8jYARTmLaVszzemtkBSigNNuML6c+917KhVL4hs9EdSPYBizkBHQRvI84GIEd2V8jp1+seTYDcdtnNXwktQrGak2sGs7C5RQhla/+O4NEpJGNNaEg1I91xHan4LUjHA6K3ipogLIGIa0Z2gMEVX+dHHzDJ8YZYDDRJqKNV6o3yemECk1iQLTGYEeqd/eXPzL66U6rPtTFotU05gsF4UpxzrB8wDwgElKNJ8YAkQycysmI5BAtImpYEL4+hT/Tzpl263a5etKqXmRxZFHR+gYnSIX1VATXaEWaiOCBHpAT+jZSq1H68V6XbbmrGzmEP2A9fYJ6kaQ+Q==</latexit>

↵
2 >

0

partially Lorentzian

(stationary point)

(more probable decay)

(for simplicity)

<latexit sha1_base64="vlTPOMr2PGXAHJh13sepQem80OE=">AAAB+nicdVDLSgMxFM3UV62vqS7dBItQQYaZUvtYCEU3LivYB7RDyaSZNjSTGZKMUsZ+ihsXirj1S9z5N6bTCip64HIP59xLbo4XMSqVbX8YmZXVtfWN7GZua3tnd8/M77dlGAtMWjhkoeh6SBJGOWkpqhjpRoKgwGOk400u537nlghJQ36jphFxAzTi1KcYKS0NzHw/GlN4DtNWlKfiZGAWbKtuO/WzKlyQWnlJKnXoWHaKAliiOTDf+8MQxwHhCjMkZc+xI+UmSCiKGZnl+rEkEcITNCI9TTkKiHST9PQZPNbKEPqh0MUVTNXvGwkKpJwGnp4MkBrL395c/MvrxcqvuQnlUawIx4uH/JhBFcJ5DnBIBcGKTTVBWFB9K8RjJBBWOq2cDuHrp/B/0i5ZTsUqXZcLjYtlHFlwCI5AETigChrgCjRBC2BwBx7AE3g27o1H48V4XYxmjOXOAfgB4+0Tm66S9Q==</latexit>

� = �(s, r)

<latexit sha1_base64="rcJ2CnNablZL/YESJPi5QSd2JEM="></latexit>

V (�) =
�4

4
� k + 1

3
�3 +

k

2
�2 + V0

<latexit sha1_base64="FFuEyd8840j+vFD0tZwsPPj0rBc="></latexit>

�ijdx
idxj = e⌘(s,r)dr2 + r2(d✓2 + sin2 ✓d'2)



Result

new solutionseed configuration

s-evolution

potential barrier

solid: Euclidean dashed: Lorentzian

Lorentzian

Euclidean

Euclidean

You may think the result is messy, but carefully looking at this…

<latexit sha1_base64="yXWy4uLoK9aF9asSbYGLruXrDp8=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJUY8ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd12uNK5K1VoWRx7O4BwuwYMbqMI91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJarjM0=</latexit>

B

the most probable solution!!

captured by other local minima

(among numerically available solutions)

CdL exponent (O(4) bounce)

Lorentzian and Euclidean evolution appear simultaneously

→ Polychronic tunneling



Carefully looking at this solution…

Lorentzian

Euclidean

Euclidean

Euclidean parts precede and Lorentzian parts are dragged

true vacuum

Lorentzian parts precede 

and Euclidean parts follow

true vacuum

potential barrier

potential barrier



How can we interpret the Polychronic tunneling?

Why does this reduce the transition probability?

<latexit sha1_base64="ieC9KKBDLdSfVUgdE8Wy/uEaXzE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPpuv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Wa/cXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwADUo2g</latexit>r0
<latexit sha1_base64="z0q5MYAmJekOvJ/Wh7SBoxNKCxQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPpev1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Wa/cXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAE1o2h</latexit>r1

<latexit sha1_base64="GYzB9uqQPqV6JBEBLiRmA2AI75A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPq1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1bus1u4vKvWbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAGWo2i</latexit>r2

false
true

<latexit sha1_base64="GYzB9uqQPqV6JBEBLiRmA2AI75A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPq1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1bus1u4vKvWbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAGWo2i</latexit>r2

<latexit sha1_base64="z0q5MYAmJekOvJ/Wh7SBoxNKCxQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPpev1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Wa/cXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAE1o2h</latexit>r1
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Open questions
• Does this happen even in the thin-wall regime?


• Does it expand after the nucleation?                                  
(nucleation size is close to that of the CdL bubble)


• Can we construct such a polychronic solution (i.e. Lorentzian + 
Euclidean processes) in an analytic way?


• What if gravity is turned off? 


• Can we formulate thermal transition (i.e. Hawking-Moss) with the 
WdW formalism?



Summary for PART II

• We formulate the vacuum decay process with the WdW equation 
while relaxing the O(4) symmetry.


• We performed numerical computation to search for a more 
probable vacuum decay process.


• We found a new type solution where the Euclidean and 
Lorentzian processes coexist (polychronic tunneling).


• Its decay probability is higher than the rate predicted by the 
Coleman-de Luccia solution.


• We may have to consider the Polychronic tunneling more 
carefully to achieve the most probable vacuum decay process.


