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Real results with imaginary time

MW + NPLQCD, PRL 120 (2018)
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Baryon-baryon interactions have 
large scattering lengths and little 
spin-flavor dependence

Nf = 3, m⇡ = 806(9) MeV, a = 0.145(2) fm

Light nuclei “look like” non-
interacting nucleons plus 
few-percent QCD effects

MW + NPLQCD, PRD 96 (2017)

LECs assuming

LEFT (/⇡) = ciOi
<latexit sha1_base64="wJS5lYVmYet5SreSMNTKZMcG6pY="></latexit>

O5 = (BB)2
<latexit sha1_base64="opxdGgCOq8IY/OHO+4AZSKdjIsY=">AAACCnicbVC7TsMwFHV4lvIKMLIYKqSyVEkBwYJUlYWNItGH1ITIcd3WqhNHtoNURZlZ+BUWBhBi5QvY+BucNgO0HMnS0bnnXt97/IhRqSzr21hYXFpeWS2sFdc3Nre2zZ3dluSxwKSJOeOi4yNJGA1JU1HFSCcSBAU+I21/dJXV2w9ESMrDOzWOiBugQUj7FCOlJc88cAKkhhix5Cb1zuAlLDtc+7NxST2tH99XPbNkVawJ4Dyxc1ICORqe+eX0OI4DEirMkJRd24qUmyChKGYkLTqxJBHCIzQgXU1DFBDpJpNTUniklR7sc6FfqOBE/d2RoEDKceBrZ7a4nK1l4n+1bqz6F25CwyhWJMTTj/oxg4rDLBfYo4JgxcaaICyo3hXiIRIIK51eUYdgz548T1rVin1SsW5PS7V6HkcB7INDUAY2OAc1cA0aoAkweATP4BW8GU/Gi/FufEytC0beswf+wPj8AbyXmaI=</latexit>

Larger QCD effects in larger 
nuclei needed to interpret 
BSM physics searches
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“Noise” in Monte Carlo measurements represents quantum fluctuations 
in observables, determined by physical properties of quantum system

Late-time behavior of nucleon variance determined by lowest energy 
state with the right quantum numbers

Signal-to-noise problem:

p

p̄

p
⇡

⇡

⇡

GN(t) = ⟨N(t)N(0)†⟩ ∼ e−MNt

GN(t) =
N

∑
i=1

CN(t; Ui) = GN(t) + O(N−1/2)

Var[GN(t)] ∼ N ⟨ |N(t)N(0)† |2 ⟩
∼ N e−3mπt

⟨GN(t)⟩
Var[GN(t)]

∼ N e−(MN− 3
2 mπ)t

⟨GA(t)⟩
Var[GA(t)]

∼ N e−A(MN− 3
2 mπ)t

Parisi, Phys Rept 103 (1984), Lepage, TASI (1989)

The signal-to-noise problem
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The signal-to-noise problem
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The (sign)al-to-noise problem

Z
DU e�SE(U) C(t, U)

<latexit sha1_base64="wK+dOqQ4JwMsTCFw30sBT1fzrMs=">AAACD3icbVDLSsNAFJ34rPUVdelmsCgtaElU0GWxCi4rmrbQxDCZTtuhkwczE6GE/IEbf8WNC0XcunXn3zhps9DWAwOHc+5lzj1exKiQhvGtzc0vLC4tF1aKq2vrG5v61nZThDHHxMIhC3nbQ4IwGhBLUslIO+IE+R4jLW9Yz/zWA+GChsGdHEXE8VE/oD2KkVSSqx/YNJDQ9pEcYMSSy9SyIblPjm7dq7JVSW1YL8tDq+LqJaNqjAFniZmTEsjRcPUvuxvi2CeBxAwJ0TGNSDoJ4pJiRtKiHQsSITxEfdJRNEA+EU4yvieF+0rpwl7I1VPpxurvjQT5Qox8T01mwcW0l4n/eZ1Y9s6dhAZRLEmAJx/1YgZlCLNyYJdygiUbKYIwpyorxAPEEZaqwqIqwZw+eZY0j6vmSdW4OS3VLvI6CmAX7IEyMMEZqIFr0AAWwOARPINX8KY9aS/au/YxGZ3T8p0d8Afa5w8UW5q9</latexit>Z
DU e�SE(U)�ln |C(t,U)|+iargC(t,U)

<latexit sha1_base64="Nw3olsXNhdPxaRhztKT0BzxTSho=">AAACKnicbVDJSgNBEO1xN25Rj14agxBRw4wKenQFj4qOCpkYejqVpLGnZ+iuEcM43+PFX/HiQRGvfoid5eD2oOHxXlV11QsTKQy67rszNDwyOjY+MVmYmp6ZnSvOL1yaONUcfB7LWF+HzIAUCnwUKOE60cCiUMJVeHvY9a/uQBsRqwvsJFCLWEuJpuAMrVQv7gdCIQ0ihm3OZHaU+wGFm2zjvH5c9lfpBg2kejgs47q/+kDXqK ABwj1mTLfyvprXiyW34vZA/xJvQEpkgNN68SVoxDyNQCGXzJiq5yZYsyNRcAl5IUgNJIzfshZULVUsAlPLeqfmdMUqDdqMtX128Z76vSNjkTGdKLSV3ZvMb68r/udVU2zu1jKhkhRB8f5HzVRSjGk3N9oQGjjKjiWMa2F3pbzNNONo0y3YELzfJ/8ll5sVb6vinm2X9g4GcUyQJbJMysQjO2SPnJBT4hNOHskzeSVvzpPz4rw7H/3SIWfQs0h+wPn8AlLxpLo=</latexit>

Quark propagators and generic hadron correlators have complex 
phases in background gauge fields

MR Mθ

t t

MR = − ∂t ln ⟨eR(t)⟩ ∼
3
2

mπ Mθ = − ∂t ln ⟨eiθ(t)⟩ ∼ MN −
3
2

mπ

Phase leads to sign problems for path integrals defining correlation 
functions, also responsible for baryon signal-to-noise problem

Z�1

Z
DU e�SE(U)C(t, U)

<latexit sha1_base64="FBuwJoIDDDIC/SCMRxCte6smwmk=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0VoUUuigi6LVXBZ0bTFJpbJdNIOnTyYmQgl5CPc+CtuXCji1oU7/8ZJ24W2Hhg4nHMvc+5xI0aFNIxvLTc3v7C4lF8urKyurW/om1sNEcYcEwuHLOQtFwnCaEAsSSUjrYgT5LuMNN1BLfObD4QLGga3chgRx0e9gHoUI6mkjr5/d58cmim0aSCh7SPZx4glF6llQ6Kcm85lySqntZI8sModvWhUjBHgLDEnpAgmqHf0L7sb4tgngcQMCdE2jUg6CeKSYkbSgh0LEiE8QD3SVjRAPhFOMjoqhXtK6UIv5OqpbCP190aCfCGGvqsms9hi2svE/7x2LL0zJ6FBFEsS4PFHXsygDGHWEOxSTrBkQ0UQ5lRlhbiPOMJS9VhQJZjTJ8+SxlHFPK4Y1yfF6vmkjjzYAbugBExwCqrgCtSBBTB4BM/gFbxpT9qL9q59jEdz2mRnG/yB9vkDnj+coQ==</latexit>

= Z�1

Z
DU e�SE(U)+R(t,U)+i ✓(t,U)

<latexit sha1_base64="U+GCzLz9/8LurjDYMeM6sjikh1c="></latexit>

MW, Savage, PRD 96 (2016)
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Phase fluctuations
Correlation function phases for large source/sink separations are 

sums of many random phase differences

P(✓(t)) ⇡ 1p
2⇡�2(t)

X

k

e�(✓(t)�2⇡k)2/(2�(t)2)

<latexit sha1_base64="puflSwP5I3rx/3800kHBjjPl8tg="></latexit>

Central limit theorem for random phases: increasingly broad 
“wrapped normal distribution” approaches uniform distribution

QCD nucleon phase with wrapped normal fit

MW, Savage, PRD 96 (2016)

�2(t) ⇠ 2

✓
MN � 3

2
m⇡

◆
t

<latexit sha1_base64="KIUdE/VSyqgF2qzNfDu6V2ooexA="></latexit>

Log-normal for pions:

See e.g. N. I. Fisher, “Statistical Analysis of Circular Data” (1995)

Endres, Kaplan, Lee and Nicholson, PRL 107 (2011)
Hamber, Marinari, Parisi and Rebbi, Nucl Phys B225 (1983)

⌦O(t)O(0)†
↵
U
= Z2

0

Y

s

< 0(U, s+ 1)|e�H |0(U, s) > + ...
<latexit sha1_base64="MfdOx66MjtGUeauqCqHSAhUnB4I="></latexit>
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Real time (imaginary results…)

Z
DU e�SE(U)+R(t,U)+i ✓(t,U)

<latexit sha1_base64="x7xWU2ySKapN/QuZERdjTr0KcIE="></latexit>

Minkowski gauge action linear combination of many plaquettes, 
expect approximately (wrapped) normal for large volume 

Z
d✓ ei✓ � ✓2/(2�2) + ...

<latexit sha1_base64="VEmxstuE15bPvKmrb15gsIpoDyA=">AAACKHicbZDJSgNBEIZ7XGPcoh69NAZBEeNMFPRm0IvHCGaBTAw9PZWkSc9Cd40QhjyOF1/Fi4giufokdhZBowUNH/9fRVf9XiyFRtseWnPzC4tLy5mV7Ora+sZmbmu7qqNEcajwSEaq7jENUoRQQYES6rECFngSal7veuTXHkBpEYV32I+hGbBOKNqCMzRSK3fpihCp72IXkLkU7lPxzccuneB98eSg6GrRCQweupQeGUf6EWo6aOXydsEeF/0LzhTyZFrlVu7V9SOeBBAil0zrhmPH2EyZQsElDLJuoiFmvMc60DAYsgB0Mx0fOqD7RvFpO1LmmbXH6s+JlAVa9wPPdAYMu3rWG4n/eY0E2xfNVIRxghDyyUftRFKM6Cg16gsFHGXfAONKmF0p7zLFOJpssyYEZ/bkv1AtFpzTgn17li9dTePIkF2yRw6IQ85JidyQMqkQTh7JM3kj79aT9WJ9WMNJ65w1ndkhv8r6/ALU4KSN</latexit>

Z
DU eiSM (U)

<latexit sha1_base64="i/b678AujW6QBJmfRHj0L8f+8hc=">AAACB3icbVDNSsNAGNz4W+tf1KMgi0Wol5KooMeiHrwIFU1baGLYbLft0s0m7G6EEnLz4qt48aCIV1/Bm2/jps1BWwcWhpnvY+ebIGZUKsv6NubmFxaXlksr5dW19Y1Nc2u7KaNEYOLgiEWiHSBJGOXEUVQx0o4FQWHASCsYXuR+64EISSN+p0Yx8ULU57RHMVJa8s09l3IF3RCpAUYsvcwcF5L7lN7611XnMPPNilWzxoCzxC5IBRRo+OaX241wEhKuMENSdmwrVl6KhKKYkazsJpLECA9Rn3Q05Sgk0kvHd2TwQCtd2IuEfjrVWP29kaJQylEY6Mk8sJz2cvE/r5Oo3pmXUh4ninA8+aiXMKgimJcCu1QQrNhIE4QF1VkhHiCBsNLVlXUJ9vTJs6R5VLOPa9bNSaV+XtRRArtgH1SBDU5BHVyBBnAABo/gGbyCN+PJeDHejY/J6JxR7OyAPzA+fwDnfJis</latexit>

SM

G

=
1

g2

X

x

8
<

:
X

k

Re Tr[1� P
k4]�

X

i<j

Re Tr[1� P
ij

]

9
=

;
<latexit sha1_base64="Xq4qQjQeEWFYCNDThHBWz3IQdGo="></latexit>

Universal toy sign problem
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Wrapped normal random phases

Normal random variables

Error

Number of samples

Width 1 Width 3

Width 3Width 1

Calculating variance of random phase has a sign(al-to-noise) problem

σ2 = ⟨x2⟩ σ2 = − ln ⟨cos θ⟩

Toy model: Gaussian random phase

StN(x2) ⇠
⌦
x

4
↵

hx2i2
⇠ 1

<latexit sha1_base64="EbgaekDghvbWpMzWg2P+r2udyM4="></latexit>

StN(cos ✓) ⇠ hcos ✓i
1� hcos 2✓i ⇠ e��2

<latexit sha1_base64="W+WiijUUy28xWX/Mj2P4ifMG6H8="></latexit>
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Bigger toy: free scalar field theory
Complex scalar: U(1) charge signal-to-noise problem 

Under Gaussian assumptions, exponential noise avoided by sampling a 
non-compact (unwrapped) phase instead of compact phase 

Systematically improvable but noise re-appears in higher cumulants  

Detmold, Kanwar, MW, PRD 98 (2018)

Similar ideas for baryon chemical potential: Ejiri, PRD 77 (2008)
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Don’t Monte Carlo sample phases

Monte Carlo :)

Monte Carlo :( !

Monte Carlo :)

e✓(U) = e✓
max

<latexit sha1_base64="m8N/0L0Jd1Q3UP9npL4WasMpu84=">AAACGXicbVDJSgNBEO1xjXEb9eilMQjxEmZU0IsQ9OIxglkgCaGnp5I06VnorlHDML/hxV/x4kERj3ryb+wsB018UPB4r4qqel4shUbH+bYWFpeWV1Zza/n1jc2tbXtnt6ajRHGo8khGquExDVKEUEWBEhqxAhZ4Eure4Grk1+9AaRGFtziMoR2wXii6gjM0Usd2WvfCBxTSh7SFfUCWFatH9ILO6500YA9Zxy44JWcMOk/cKSmQKSod+7PlRzwJIEQumdZN14mxnTKFgkvI8q1EQ8z4gPWgaWjIAtDtdPxZRg+N4tNupEyFSMfq74mUBVoPA890Bgz7etYbif95zQS75+1UhHGCEPLJom4iKUZ0FBP1hQKOcmgI40qYWynvM8U4mjDzJgR39uV5UjsuuScl5+a0UL6cxpEj++SAFIlLzkiZXJMKqRJOHskzeSVv1pP1Yr1bH5PWBWs6s0f+wPr6AZwIoU8=</latexit>

e✓(U) = �e✓
max

<latexit sha1_base64="kD6PDFDEYYQUaA7USAG63EFX4MA=">AAACGnicbVDJSgNBEO2JW4xb1KOXxiDEg2FGBb0IQS8eI5gFkhB6eipJk56F7ho1DPMdXvwVLx4U8SZe/Bs7y0ETHxQ83quiqp4bSaHRtr+tzMLi0vJKdjW3tr6xuZXf3qnpMFYcqjyUoWq4TIMUAVRRoIRGpID5roS6O7ga+fU7UFqEwS0OI2j7rBeIruAMjdTJO6174QEK6UHSwj4gS4vVQ3pBj+aNTuKzh7STL9gleww6T5wpKZApKp38Z8sLeexDgFwyrZuOHWE7YQoFl5DmWrGGiPEB60HT0ID5oNvJ+LWUHhjFo91QmQqQjtXfEwnztR76run0Gfb1rDcS//OaMXbP24kIohgh4JNF3VhSDOkoJ+oJBRzl0BDGlTC3Ut5ninE0aeZMCM7sy/OkdlxyTkr2zWmhfDmNI0v2yD4pEoeckTK5JhVSJZw8kmfySt6sJ+vFerc+Jq0ZazqzS/7A+voBEoihhg==</latexit>

Z
DU e�SE(U)+ie✓(U)

<latexit sha1_base64="kKOcHJIhds8KCEi+vrh26AZyKi8=">AAACIXicbVDLSgNBEJz1GeMr6tHLYBAUMeyqoEfxAR4V3UTIxjA720mGzD6Y6VXCsr/ixV/x4kGR3MSfcRJz0GjBQFHVzXSVn0ih0bY/rInJqemZ2cJccX5hcWm5tLJa1XGqOLg8lrG69ZkGKSJwUaCE20QBC30JNb97OvBr96C0iKMb7CXQCFk7Ei3BGRqpWTryRITUCxl2OJPZWe5Sj8JdtnvdPN9yt+kOFd6DCACFDCDzsAPIcmPkzVLZrthD0L/EGZEyGeGyWep7QczTECLkkmldd+wEGxlTKLiEvOilGhLGu6wNdUMjFoJuZMOEOd00SkBbsTLP3DtUf25kLNS6F/pmchBFj3sD8T+vnmLrqJGJKEkRIv79USuVFGM6qIsGQgFH2TOEcSXMrZR3mGIcTalFU4IzHvkvqe5VnP2KfXVQPj4Z1VEg62SDbBGHHJJjckEuiUs4eSTP5JW8WU/Wi/Vu9b9HJ6zRzhr5BevzC4/eooc=</latexit>

U
<latexit sha1_base64="tkdqA29D3HUtINdrbBNUFgGzmq0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cWTFtoQ9lsJ+3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0N/NbT6g0T+SDGacYxHQgecQZNVZq+L1yxa26c5BV4uWkAjnqvfJXt5+wLEZpmKBadzw3NcGEKsOZwGmpm2lMKRvRAXYslTRGHUzmh07JmVX6JEqULWnIXP09MaGx1uM4tJ0xNUO97M3E/7xOZqKbYMJlmhmUbLEoygQxCZl9TfpcITNibAllittbCRtSRZmx2ZRsCN7yy6ukeVH1Lqtu46pSu83jKMIJnMI5eHANNbiHOvjAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHsdeM2w==</latexit>

Smooth non-compact phase defines one-
dimensional line in configuration space 

Monte Carlo without sign problem possible on level sets with fixed 
non-compact phase 

Need different method for 
one-dimensional integral 
along line of varying phase 
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Density-of-states methods

Z =

Z
DUe�SE(U)+iSM (U)

<latexit sha1_base64="tP/MxEYVIpNELaU69LnPJ3xVrdw=">AAACFnicbVDLSgMxFM3UV62vqks3wSJUpGVGBd0IxQe4ESp12mJnHDJppg3NZIYkI5ShX+HGX3HjQhG34s6/MX0stHogcDjnXnLu8WNGpTLNLyMzMzs3v5BdzC0tr6yu5dc36jJKBCY2jlgkmj6ShFFObEUVI81YEBT6jDT83tnQb9wTIWnEb1Q/Jm6IOpwGFCOlJS9fuoUn0KFcQSdEqosRS88HNiR3aanmXRTtXbgHKax5V5oOoJcvmGVzBPiXWBNSABNUvfyn045wEhKuMENStiwzVm6KhKKYkUHOSSSJEe6hDmlpylFIpJuOzhrAHa20YRAJ/XTAkfpzI0WhlP3Q15PD7HLaG4r/ea1EBcduSnmcKMLx+KMgYVBFcNgRbFNBsGJ9TRAWVGeFuIsEwko3mdMlWNMn/yX1/bJ1UDavDwuV00kdWbAFtkERWOAIVMAlqAIbYPAAnsALeDUejWfjzXgfj2aMyc4m+AXj4xsosZwy</latexit>

=

Z
dSM

Z
DU �(SM � SM (U)) e�SE(U)+iSM (U)

<latexit sha1_base64="FESMrSmH/OLUJVxNTILUM6PurpE="></latexit>

⌘
Z

dSM ⇢(SM ) eiSM

<latexit sha1_base64="FuhrNOdalcuRi6mZ08D6dWXF1ss=">AAACEHicbZC7SgNBFIZn4y3G26qlzWAQYxN2VdAyaGMjRDQXyK5hdvZsMmT24sxsICx5BBtfxcZCEVtLO9/GyaXQxB8GPv5zDnPO7yWcSWVZ30ZuYXFpeSW/Wlhb39jcMrd36jJOBYUajXksmh6RwFkENcUUh2YigIQeh4bXuxzVG30QksXRnRok4IakE7GAUaK01TYPHXhIWR87LFLYv21fYwc7ohuXNB45GO4zhjUO22bRKltj4Xmwp1BEU1Xb5pfjxzQNIVKUEylbtpUoNyNCMcphWHBSCQmhPdKBlsaIhCDdbHzQEB9ox8dBLPTTe43d3xMZCaUchJ7uDInqytnayPyv1kpVcO5mLEpSBRGdfBSkHKsYj9LBPhNAFR9oIFQwvSumXSIIVTrDgg7Bnj15HurHZfukbN2cFisX0zjyaA/toxKy0RmqoCtURTVE0SN6Rq/ozXgyXox342PSmjOmM7voj4zPHxDam1M=</latexit>

Rewrite path integral to separate out 1D phase integral 

Log-linear-relaxation (LLR) anstatz, 
piecewise linear polynomial

Controlled fractional error

����
⇢LLR(SM )

⇢(SM )
� 1

���� = O(�SM )2

<latexit sha1_base64="bgCyrLj8rvazNs3YEspzfsRnfqg="></latexit>

�SM = Si+1
M � Si

M
<latexit sha1_base64="g2Bg0aMGQbO8M3BKDlEE0KZTDc4=">AAACB3icbZBNS8MwGMfT+TbnW9WjIMEhCOJoVdCLMPTiRZjoXmCrJU3TLSxNS5IKo+zmxa/ixYMiXv0K3vw2pl0POn0g4cf//zwkz9+LGZXKsr6M0szs3PxCebGytLyyumaub7RklAhMmjhikeh4SBJGOWkqqhjpxIKg0GOk7Q0vMr99T4SkEb9Vo5g4IepzGlCMlJZcc7vnE6YQvHGv4Fl236V03x7Dg5ypa1atmpUX/At2AVVQVMM1P3t+hJOQcIUZkrJrW7FyUiQUxYyMK71EkhjhIeqTrkaOQiKdNN9jDHe14sMgEvpwBXP150SKQilHoac7Q6QGctrLxP+8bqKCUyelPE4U4XjyUJAwqCKYhQJ9KghWbKQBYUH1XyEeIIGw0tFVdAj29Mp/oXVYs49q1vVxtX5exFEGW2AH7AEbnIA6uAQN0AQYPIAn8AJejUfj2Xgz3ietJaOY2QS/yvj4BoOmlyg=</latexit>

Langfeld Lucini Rago, PRL 109 (2012) 

Lucini, Francesconi, Holzmann Rago, arXiv 1901.07602 

Wang, Landau, PRL 86 (2001) 
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SK density-of-states
Defining path integrals including LLR density of states,

LLR coefficients can be found by solving constraint equation

stochastically using e.g. iterative Robbins-Monroe method  

Completely analogous to LLR for Euclidean density-of-states!

Langfeld Lucini Rago, PRL 109 (2012) 
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Going out of equilibrium
Schwinger-Kelydsh partition function

Z = Tr (⇢�) = Tr
�
eiHTM e�iHTM⇢�

�
<latexit sha1_base64="U1V33HuUgoloRlJdZPgLBt3fIe4="></latexit>

Operator insertions on real-time contour segments allow 
advanced/retarded Green’s functions, etc., to be constructed

Extensive phase trivially obtained by summing plaquettes on 
real-time contour segments



Aarts, Smit, Nucl. Phys. B 555 (1999) 
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Real-time lattice fermions

r4=rk=0 r4=0,rk=1

r4=rk=1 Continuum

-3 -2 -1 0 1 2 3

-3

-2

-1

0

1

2

3

p

E
(p
)

Spectrum, m = 10-1

Analytic continuation of Euclidean Wilson fermion action:

Spacelike doublers can be 
completely removed by 
Wilson term

Temporal doublers cannot, 
unlike Euclidean spacetime

Semi-classical studies including 
anomalous fermion number violation: Saffin Tranberg, JHEP 1107 (2011)

Mace, Mueller, Schlichting, Sharma, PRD 95 (2017) 
… 
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SK free fermion doublers
Semi-classical studies have only included spatial Wilson term, 

choose initial conditions with time doublers un-excited
Aarts, Smit, Nucl. Phys. B 555 (1999) 

On SK contour, doubler modes present in thermal equilibrium

Temporal Wilson term suppresses doublers provided Euclidean 
extent large in lattice units
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Too coarse Too hot (in lattice units)

Doublers Suppressed

SK free fermion doublers



!18

Towards SK Schwinger model
Toy model for non-equilibrium lattice gauge theory: (1+1)D QED

Robbins-Monroe method used to 
estimate for LLR density of 
states for (1+1)D QED on SK 
contour

TE = TM = 32
<latexit sha1_base64="FY695ChYiZDy8vYFpOhgaqZPYs8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsy0gm6EoghuhAp9QTsOmTTThmYyQ5JRytD/cONCEbf+izv/xrSdhbYeuJfDOfeSm+PHnClt299WbmV1bX0jv1nY2t7Z3SvuH7RUlEhCmyTikez4WFHOBG1qpjntxJLi0Oe07Y+up377kUrFItHQ45i6IR4IFjCCtZEeGt4NukQN7870asUrluyyPQNaJk5GSpCh7hW/ev2IJCEVmnCsVNexY+2mWGpGOJ0UeomiMSYjPKBdQwUOqXLT2dUTdGKUPgoiaUpoNFN/b6Q4VGoc+mYyxHqoFr2p+J/XTXRw4aZMxImmgswfChKOdISmEaA+k5RoPjYEE8nMrYgMscREm6AKJgRn8cvLpFUpO9WyfX9Wql1lceThCI7hFBw4hxrcQh2aQEDCM7zCm/VkvVjv1sd8NGdlO4fwB9bnDzk9kF8=</latexit>

L = 4
<latexit sha1_base64="klz1CMZcidkeXhkjc6hbE1PXgK0=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFe40oI0QtLGwiOAlgeQIe5u5ZMne3rG7J4SQ32BjoYitP8jOf+MmuUKjDwYe780wMy9MBdfGdb+cwsrq2vpGcbO0tb2zu1feP2jqJFMMfZaIRLVDqlFwib7hRmA7VUjjUGArHN3M/NYjKs0T+WDGKQYxHUgecUaNlfw7ckVqvXLFrbpzkL/Ey0kFcjR65c9uP2FZjNIwQbXueG5qgglVhjOB01I305hSNqID7FgqaYw6mMyPnZITq/RJlChb0pC5+nNiQmOtx3FoO2NqhnrZm4n/eZ3MRJfBhMs0MyjZYlGUCWISMvuc9LlCZsTYEsoUt7cSNqSKMmPzKdkQvOWX/5LmWdU7r7r3tUr9Oo+jCEdwDKfgwQXU4RYa4AMDDk/wAq+OdJ6dN+d90Vpw8plD+AXn4xtGW42r</latexit>

Resulting density of states very 
close to Gaussian 

Width scales with volume as 
expected by central limit 
theorem
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Towards SK Schwinger model
Decreasing bin size with fixed total ensemble size leads to 

increasingly accurate estimate of density of states

Width 5 Width 0.5

Phase fluctuations of real-time correlation function obstruct 
accurate correlation function reconstruction, more to be done!


