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Why magnetic field sensing?

◉ https://en.wikipedia.org/wiki/Magnetometer 

https://en.wikipedia.org/wiki/Magnetometer


433 nm

◉ Theory: D. Jaksch et al., Phys. Rev. Lett. 82, 1975 (1999)
◉ Experiments: Mandel et al., Phys. Rev. Lett. 91, 010407 (2003); A. Steffen, et al., PNAS 109, 9770 (2012).

Quantum simulation with atoms in optical lattices

State-dependent optical lattices

Animation courteously 
from Andrea Alberti 
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Quantum sensing

Possible definitions for (quantum) sensing: 
(I) Quantum object with quantised energy levels for measuring a classical or quantum 

physical quantity (e.g. atoms, ions, superconducting devises, etc.)
(II) Use quantum coherence (i.e., wavelike or temporal superpositions) to measure a 

physical quantity
(III)Use of entanglement to improve the precision of a measurement beyond what is 

possible classically

Desiderata for a quantum sensor: 
(1) The quantum system has discrete and resolvable energy levels
(2) It must be possible to initialise the quantum system into a well-known state and read 

out its state
(3) The quantum system can be coherently manipulated with, e.g., time-dependent fields
(4) The quantum system interacts with a relevant physical quantity (e.g., magnetic field) 

and it is quantified by a coupling parameter which relates changes in the transition 
energy to changes in the physical quantity 

◉ C. L. Degen, F. Reinhard, and P. Cappellaro, Rev. Mod. Phys. 89, 035002 (2017)



4.  Summary

Outline

2.  Magnetic field detection via controlled collisions

- The sensor’s idea

- Sensitivity and robustness 

1. Introduction

- Quasi-1D quantum scattering 

- Sensitivity and Fisher information

p(x)

q(x)

f(p|q) = 0

3.  Magnetic gradiometry in multiple waveguides

- General principle 

- Results 
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◉ M. Olshanii, Phys. Rev. Lett. 81, 938 (1998)
◉ T. Bergeman, M. G. Moore, M. Olshanii, Phys. Rev. Lett. 91, 163201 (2003)



Transmission drops to zero, i.e. perfect reflection!

V (r) ! V (z) = g1D�(z)

Same pseudo-potential 
approximation as in 3D:              
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◉ M. Olshanii, Phys. Rev. Lett. 81, 938 (1998)
◉ T. Bergeman, M. G. Moore, M. Olshanii, Phys. Rev. Lett. 91, 163201 (2003)

Experimental realisation of the Tonks-Girardeau limit:
◉ B. Paredes et al., Nature 429, 277 (2004)
◉ T. Kinoshita et al., Science 305, 1125 (2005)

Experimental CIR studies:
◉ H. Moritz et al., PRL 94, 210401 (2005)
◉ E. Haller et al., PRL 104, 153203 (2010)
◉ S. Sala et al., PRL 110, 203202 (2013)



Atom-ion interaction
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◉ Z. Idziaszek, T. Calarco, P. Zoller, Phys. Rev. A 76, 033409 (2007)
◉ V. Melezhik, AN, Phys. Rev. A 94, 022704 (2016)



Atom-ion interaction

Quasi-1D scattering and CIR
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E⇤ = ~2/[2µ(R⇤)2]

µ ! Reduced mass

‣ Resonance shift
‣ Finite energy corrections
‣ Broader resonances

◉ Z. Idziaszek, T. Calarco, P. Zoller, Phys. Rev. A 76, 033409 (2007)
◉ V. Melezhik, AN, Phys. Rev. A 94, 022704 (2016)
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General metrological scheme:

Estimated parameter:

Problem: How to infer the value of an unknown parameter?

Goal: �✓To minimize

From what estimate?

Quantum mechanics

Maximum estimation sensitivity? Cramer-Rao lower bound:
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Cramer-Rao lower bound and Fisher information

◉ C. W. Helstrom, Quantum detection and estimation theory (Acad. Press, 1976)

Maximum Likelihood Estimator



General metrological scheme:

Precision of the estimation:

Estimated parameter:

Problem: How to infer the value of an unknown parameter?

Goal: �✓To minimize
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Setup: Atomic waveguide
Measurement: 
transmitted vs reflected particle
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Sensitivity	for	T=0,	e.g.,		
for	lanthanide	atoms:

� = 0.15 G (res. width)
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◉ K. Jachymski, T. Wasak, et al., PRL 120, 013401 (2018)
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15 nK
<latexit sha1_base64="Frl1mYiL+6xhTlQi3d130nff738=">AAAB83icdVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHoRfASwTwgG8LsZDYZMju7zPSKYclvePGgiFd/xpt/42wSwWdB00VVN9NTQSKFQdd9dxYWl5ZXVgtrxfWNza3t0s5u08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwusj91i3XRsTqBscJ70Z0oEQoGEUr+T7yO8y8E6KuJr1S2a1U3RzkN/Eq0+6WYY56r/Tm92OWRlwhk9SYjucm2M2oRsEknxT91PCEshEd8I6likbcdLPpzRNyaJU+CWNtSyGZql83MhoZM44COxlRHJqfXi7+5XVSDM+6mVBJilyx2UNhKgnGJA+A9IXmDOXYEsq0sLcSNqSaMrQxFW0Inz8l/5NmteK5Fe/6uFw7n8dRgH04gCPw4BRqcAl1aACDBO7hEZ6c1Hlwnp2X2eiCM9/Zg29wXj8AflCRUA==</latexit><latexit sha1_base64="Frl1mYiL+6xhTlQi3d130nff738=">AAAB83icdVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHoRfASwTwgG8LsZDYZMju7zPSKYclvePGgiFd/xpt/42wSwWdB00VVN9NTQSKFQdd9dxYWl5ZXVgtrxfWNza3t0s5u08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwusj91i3XRsTqBscJ70Z0oEQoGEUr+T7yO8y8E6KuJr1S2a1U3RzkN/Eq0+6WYY56r/Tm92OWRlwhk9SYjucm2M2oRsEknxT91PCEshEd8I6likbcdLPpzRNyaJU+CWNtSyGZql83MhoZM44COxlRHJqfXi7+5XVSDM+6mVBJilyx2UNhKgnGJA+A9IXmDOXYEsq0sLcSNqSaMrQxFW0Inz8l/5NmteK5Fe/6uFw7n8dRgH04gCPw4BRqcAl1aACDBO7hEZ6c1Hlwnp2X2eiCM9/Zg29wXj8AflCRUA==</latexit><latexit sha1_base64="Frl1mYiL+6xhTlQi3d130nff738=">AAAB83icdVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHoRfASwTwgG8LsZDYZMju7zPSKYclvePGgiFd/xpt/42wSwWdB00VVN9NTQSKFQdd9dxYWl5ZXVgtrxfWNza3t0s5u08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwusj91i3XRsTqBscJ70Z0oEQoGEUr+T7yO8y8E6KuJr1S2a1U3RzkN/Eq0+6WYY56r/Tm92OWRlwhk9SYjucm2M2oRsEknxT91PCEshEd8I6likbcdLPpzRNyaJU+CWNtSyGZql83MhoZM44COxlRHJqfXi7+5XVSDM+6mVBJilyx2UNhKgnGJA+A9IXmDOXYEsq0sLcSNqSaMrQxFW0Inz8l/5NmteK5Fe/6uFw7n8dRgH04gCPw4BRqcAl1aACDBO7hEZ6c1Hlwnp2X2eiCM9/Zg29wXj8AflCRUA==</latexit><latexit sha1_base64="Frl1mYiL+6xhTlQi3d130nff738=">AAAB83icdVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHoRfASwTwgG8LsZDYZMju7zPSKYclvePGgiFd/xpt/42wSwWdB00VVN9NTQSKFQdd9dxYWl5ZXVgtrxfWNza3t0s5u08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwusj91i3XRsTqBscJ70Z0oEQoGEUr+T7yO8y8E6KuJr1S2a1U3RzkN/Eq0+6WYY56r/Tm92OWRlwhk9SYjucm2M2oRsEknxT91PCEshEd8I6likbcdLPpzRNyaJU+CWNtSyGZql83MhoZM44COxlRHJqfXi7+5XVSDM+6mVBJilyx2UNhKgnGJA+A9IXmDOXYEsq0sLcSNqSaMrQxFW0Inz8l/5NmteK5Fe/6uFw7n8dRgH04gCPw4BRqcAl1aACDBO7hEZ6c1Hlwnp2X2eiCM9/Zg29wXj8AflCRUA==</latexit>

For Cs-Cs ā = 95.5 a0
<latexit sha1_base64="AdSV7L/pc0ViOhEH1SEq9qd7UKA=">AAACD3icdVDLSgNBEJyN7/iKevQymCheXHZFUQ+CEBCPCsYI2SX0TmaTIbMPZnrFsOQPvPgrXjwo4tWrN//GSYzgsy5dVHXT3RWkUmh0nDerMDY+MTk1PVOcnZtfWCwtLV/oJFOM11giE3UZgOZSxLyGAiW/TBWHKJC8HnSrA79+xZUWSXyOvZT7EbRjEQoGaKRmacNDfo35caJoVW9VNa14ASgKFXpID3btXVqBplPpN0tlx952BqC/iWsPq1MmI5w2S69eK2FZxGNkErRuuE6Kfg4KBZO8X/QyzVNgXWjzhqExRFz7+fCfPl03SouG5qYwiZEO1a8TOURa96LAdEaAHf3TG4h/eY0Mw30/F3GaIY/Zx6IwkxQTOgiHtoTiDGXPEGBKmFsp64AChibCognh81P6P7nYtl3Hds92ykf7ozimySpZI5vEJXvkiJyQU1IjjNyQO/JAHq1b6956sp4/WgvWaGaFfIP18g7C8pk8</latexit><latexit sha1_base64="AdSV7L/pc0ViOhEH1SEq9qd7UKA=">AAACD3icdVDLSgNBEJyN7/iKevQymCheXHZFUQ+CEBCPCsYI2SX0TmaTIbMPZnrFsOQPvPgrXjwo4tWrN//GSYzgsy5dVHXT3RWkUmh0nDerMDY+MTk1PVOcnZtfWCwtLV/oJFOM11giE3UZgOZSxLyGAiW/TBWHKJC8HnSrA79+xZUWSXyOvZT7EbRjEQoGaKRmacNDfo35caJoVW9VNa14ASgKFXpID3btXVqBplPpN0tlx952BqC/iWsPq1MmI5w2S69eK2FZxGNkErRuuE6Kfg4KBZO8X/QyzVNgXWjzhqExRFz7+fCfPl03SouG5qYwiZEO1a8TOURa96LAdEaAHf3TG4h/eY0Mw30/F3GaIY/Zx6IwkxQTOgiHtoTiDGXPEGBKmFsp64AChibCognh81P6P7nYtl3Hds92ykf7ozimySpZI5vEJXvkiJyQU1IjjNyQO/JAHq1b6956sp4/WgvWaGaFfIP18g7C8pk8</latexit><latexit sha1_base64="AdSV7L/pc0ViOhEH1SEq9qd7UKA=">AAACD3icdVDLSgNBEJyN7/iKevQymCheXHZFUQ+CEBCPCsYI2SX0TmaTIbMPZnrFsOQPvPgrXjwo4tWrN//GSYzgsy5dVHXT3RWkUmh0nDerMDY+MTk1PVOcnZtfWCwtLV/oJFOM11giE3UZgOZSxLyGAiW/TBWHKJC8HnSrA79+xZUWSXyOvZT7EbRjEQoGaKRmacNDfo35caJoVW9VNa14ASgKFXpID3btXVqBplPpN0tlx952BqC/iWsPq1MmI5w2S69eK2FZxGNkErRuuE6Kfg4KBZO8X/QyzVNgXWjzhqExRFz7+fCfPl03SouG5qYwiZEO1a8TOURa96LAdEaAHf3TG4h/eY0Mw30/F3GaIY/Zx6IwkxQTOgiHtoTiDGXPEGBKmFsp64AChibCognh81P6P7nYtl3Hds92ykf7ozimySpZI5vEJXvkiJyQU1IjjNyQO/JAHq1b6956sp4/WgvWaGaFfIP18g7C8pk8</latexit><latexit sha1_base64="AdSV7L/pc0ViOhEH1SEq9qd7UKA=">AAACD3icdVDLSgNBEJyN7/iKevQymCheXHZFUQ+CEBCPCsYI2SX0TmaTIbMPZnrFsOQPvPgrXjwo4tWrN//GSYzgsy5dVHXT3RWkUmh0nDerMDY+MTk1PVOcnZtfWCwtLV/oJFOM11giE3UZgOZSxLyGAiW/TBWHKJC8HnSrA79+xZUWSXyOvZT7EbRjEQoGaKRmacNDfo35caJoVW9VNa14ASgKFXpID3btXVqBplPpN0tlx952BqC/iWsPq1MmI5w2S69eK2FZxGNkErRuuE6Kfg4KBZO8X/QyzVNgXWjzhqExRFz7+fCfPl03SouG5qYwiZEO1a8TOURa96LAdEaAHf3TG4h/eY0Mw30/F3GaIY/Zx6IwkxQTOgiHtoTiDGXPEGBKmFsp64AChibCognh81P6P7nYtl3Hds92ykf7ozimySpZI5vEJXvkiJyQU1IjjNyQO/JAHq1b6956sp4/WgvWaGaFfIP18g7C8pk8</latexit>

d = 20ā
<latexit sha1_base64="kO1CWj0nFkKpfk9J60ifKbZTjrE=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ6YIuhGKblxWsA+YDiWTybShmcyQ3BHK0M9w40IRt36NO//GTFvB54GQwzn3cu89YSaFAULenaXlldW19cpGdXNre2e3trffMWmuGW+zVKa6F1LDpVC8DQIk72Wa0ySUvBuOr0q/e8e1Eam6hUnGg4QOlYgFo2AlP7pokH5IdUGng1qduA1SAv8mnjv7SR0t0BrU3vpRyvKEK2CSGuN7JIOgoBoEk3xa7eeGZ5SN6ZD7liqacBMUs5Wn+NgqEY5TbZ8CPFO/dhQ0MWaShLYyoTAyP71S/Mvzc4jPg0KoLAeu2HxQnEsMKS7vx5HQnIGcWEKZFnZXzEZUUwY2paoN4fNS/D/pNFyPuN7Nab15uYijgg7RETpBHjpDTXSNWqiNGErRPXpETw44D86z8zIvXXIWPQfoG5zXD68mkNs=</latexit><latexit sha1_base64="kO1CWj0nFkKpfk9J60ifKbZTjrE=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ6YIuhGKblxWsA+YDiWTybShmcyQ3BHK0M9w40IRt36NO//GTFvB54GQwzn3cu89YSaFAULenaXlldW19cpGdXNre2e3trffMWmuGW+zVKa6F1LDpVC8DQIk72Wa0ySUvBuOr0q/e8e1Eam6hUnGg4QOlYgFo2AlP7pokH5IdUGng1qduA1SAv8mnjv7SR0t0BrU3vpRyvKEK2CSGuN7JIOgoBoEk3xa7eeGZ5SN6ZD7liqacBMUs5Wn+NgqEY5TbZ8CPFO/dhQ0MWaShLYyoTAyP71S/Mvzc4jPg0KoLAeu2HxQnEsMKS7vx5HQnIGcWEKZFnZXzEZUUwY2paoN4fNS/D/pNFyPuN7Nab15uYijgg7RETpBHjpDTXSNWqiNGErRPXpETw44D86z8zIvXXIWPQfoG5zXD68mkNs=</latexit><latexit sha1_base64="kO1CWj0nFkKpfk9J60ifKbZTjrE=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ6YIuhGKblxWsA+YDiWTybShmcyQ3BHK0M9w40IRt36NO//GTFvB54GQwzn3cu89YSaFAULenaXlldW19cpGdXNre2e3trffMWmuGW+zVKa6F1LDpVC8DQIk72Wa0ySUvBuOr0q/e8e1Eam6hUnGg4QOlYgFo2AlP7pokH5IdUGng1qduA1SAv8mnjv7SR0t0BrU3vpRyvKEK2CSGuN7JIOgoBoEk3xa7eeGZ5SN6ZD7liqacBMUs5Wn+NgqEY5TbZ8CPFO/dhQ0MWaShLYyoTAyP71S/Mvzc4jPg0KoLAeu2HxQnEsMKS7vx5HQnIGcWEKZFnZXzEZUUwY2paoN4fNS/D/pNFyPuN7Nab15uYijgg7RETpBHjpDTXSNWqiNGErRPXpETw44D86z8zIvXXIWPQfoG5zXD68mkNs=</latexit><latexit sha1_base64="kO1CWj0nFkKpfk9J60ifKbZTjrE=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ6YIuhGKblxWsA+YDiWTybShmcyQ3BHK0M9w40IRt36NO//GTFvB54GQwzn3cu89YSaFAULenaXlldW19cpGdXNre2e3trffMWmuGW+zVKa6F1LDpVC8DQIk72Wa0ySUvBuOr0q/e8e1Eam6hUnGg4QOlYgFo2AlP7pokH5IdUGng1qduA1SAv8mnjv7SR0t0BrU3vpRyvKEK2CSGuN7JIOgoBoEk3xa7eeGZ5SN6ZD7liqacBMUs5Wn+NgqEY5TbZ8CPFO/dhQ0MWaShLYyoTAyP71S/Mvzc4jPg0KoLAeu2HxQnEsMKS7vx5HQnIGcWEKZFnZXzEZUUwY2paoN4fNS/D/pNFyPuN7Nab15uYijgg7RETpBHjpDTXSNWqiNGErRPXpETw44D86z8zIvXXIWPQfoG5zXD68mkNs=</latexit>
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<latexit sha1_base64="pO8SOrda0gN0qCauUTes4Np29lU="></latexit><latexit sha1_base64="pO8SOrda0gN0qCauUTes4Np29lU="></latexit><latexit sha1_base64="pO8SOrda0gN0qCauUTes4Np29lU="></latexit><latexit sha1_base64="pO8SOrda0gN0qCauUTes4Np29lU="></latexit>

at the CIR position

�B ' �pd2

4abg
<latexit sha1_base64="ifoR044Cnj45gOXqvs0nrfiG5Gc=">AAACHXicdVDJSgNBEO1xN25Rj14ag+ApzISAHoN68BjBJEJmHHo6NbGxZ7G7RgzD/IgXf8WLB0U8eBH/xs4iuD4o6vFeFd31glQKjbb9bk1Nz8zOzS8slpaWV1bXyusbbZ1kikOLJzJRZwHTIEUMLRQo4SxVwKJAQie4PBz6nWtQWiTxKQ5S8CLWj0UoOEMj+eW6ewQSGT2grhYRXFE3VIznEzWlvfNakdcp83MX4QbzoF8UhV+u2NWaPQT9TZzqqNsVMkHTL7+6vYRnEcTIJdO669gpejlTKLiEouRmGlLGL1kfuobGLALt5aPrCrpjlB4NE2UqRjpSv27kLNJ6EAVmMmJ4oX96Q/Evr5thuO/lIk4zhJiPHwozSTGhw6hoTyjgKAeGMK6E+SvlF8zEgybQkgnh81L6P2nXqo5ddU7qlcbBJI4FskW2yS5xyB5pkGPSJC3CyS25J4/kybqzHqxn62U8OmVNdjbJN1hvH+4bodw=</latexit><latexit sha1_base64="ifoR044Cnj45gOXqvs0nrfiG5Gc=">AAACHXicdVDJSgNBEO1xN25Rj14ag+ApzISAHoN68BjBJEJmHHo6NbGxZ7G7RgzD/IgXf8WLB0U8eBH/xs4iuD4o6vFeFd31glQKjbb9bk1Nz8zOzS8slpaWV1bXyusbbZ1kikOLJzJRZwHTIEUMLRQo4SxVwKJAQie4PBz6nWtQWiTxKQ5S8CLWj0UoOEMj+eW6ewQSGT2grhYRXFE3VIznEzWlvfNakdcp83MX4QbzoF8UhV+u2NWaPQT9TZzqqNsVMkHTL7+6vYRnEcTIJdO669gpejlTKLiEouRmGlLGL1kfuobGLALt5aPrCrpjlB4NE2UqRjpSv27kLNJ6EAVmMmJ4oX96Q/Evr5thuO/lIk4zhJiPHwozSTGhw6hoTyjgKAeGMK6E+SvlF8zEgybQkgnh81L6P2nXqo5ddU7qlcbBJI4FskW2yS5xyB5pkGPSJC3CyS25J4/kybqzHqxn62U8OmVNdjbJN1hvH+4bodw=</latexit><latexit sha1_base64="ifoR044Cnj45gOXqvs0nrfiG5Gc=">AAACHXicdVDJSgNBEO1xN25Rj14ag+ApzISAHoN68BjBJEJmHHo6NbGxZ7G7RgzD/IgXf8WLB0U8eBH/xs4iuD4o6vFeFd31glQKjbb9bk1Nz8zOzS8slpaWV1bXyusbbZ1kikOLJzJRZwHTIEUMLRQo4SxVwKJAQie4PBz6nWtQWiTxKQ5S8CLWj0UoOEMj+eW6ewQSGT2grhYRXFE3VIznEzWlvfNakdcp83MX4QbzoF8UhV+u2NWaPQT9TZzqqNsVMkHTL7+6vYRnEcTIJdO669gpejlTKLiEouRmGlLGL1kfuobGLALt5aPrCrpjlB4NE2UqRjpSv27kLNJ6EAVmMmJ4oX96Q/Evr5thuO/lIk4zhJiPHwozSTGhw6hoTyjgKAeGMK6E+SvlF8zEgybQkgnh81L6P2nXqo5ddU7qlcbBJI4FskW2yS5xyB5pkGPSJC3CyS25J4/kybqzHqxn62U8OmVNdjbJN1hvH+4bodw=</latexit><latexit sha1_base64="ifoR044Cnj45gOXqvs0nrfiG5Gc=">AAACHXicdVDJSgNBEO1xN25Rj14ag+ApzISAHoN68BjBJEJmHHo6NbGxZ7G7RgzD/IgXf8WLB0U8eBH/xs4iuD4o6vFeFd31glQKjbb9bk1Nz8zOzS8slpaWV1bXyusbbZ1kikOLJzJRZwHTIEUMLRQo4SxVwKJAQie4PBz6nWtQWiTxKQ5S8CLWj0UoOEMj+eW6ewQSGT2grhYRXFE3VIznEzWlvfNakdcp83MX4QbzoF8UhV+u2NWaPQT9TZzqqNsVMkHTL7+6vYRnEcTIJdO669gpejlTKLiEouRmGlLGL1kfuobGLALt5aPrCrpjlB4NE2UqRjpSv27kLNJ6EAVmMmJ4oX96Q/Evr5thuO/lIk4zhJiPHwozSTGhw6hoTyjgKAeGMK6E+SvlF8zEgybQkgnh81L6P2nXqo5ddU7qlcbBJI4FskW2yS5xyB5pkGPSJC3CyS25J4/kybqzHqxn62U8OmVNdjbJN1hvH+4bodw=</latexit>

when T = 1

Imperfect detectors

We measure whether the injected atom was transmitted or reflected with efficiency ⌘
<latexit sha1_base64="ykoaV7ybO+rkymOu2EXPcmwPx+E=">AAAB63icdVDLSsNAFL2pr1pfVZduBovgKiRFsMuCG5cV7APaUCbTSTt0MgkzN0IJ/QU3LhRx6w+582+ctBV8HhjmcM693HtPmEph0PPendLa+sbmVnm7srO7t39QPTzqmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g2nV4XfvePaiETd4izlQUzHSkSCUSykAUc6rNY8t+4VIL+J7y5+rwYrtIbVt8EoYVnMFTJJjen7XopBTjUKJvm8MsgMTymb0jHvW6pozE2QL3adkzOrjEiUaPsUkoX6tSOnsTGzOLSVMcWJ+ekV4l9eP8OoEeRCpRlyxZaDokwSTEhxOBkJzRnKmSWUaWF3JWxCNWVo46nYED4vJf+TTt31Pde/uag1G6s4ynACp3AOPlxCE66hBW1gMIF7eIQnJ3YenGfnZVlaclY9x/ANzusHDp6ONA==</latexit><latexit sha1_base64="ykoaV7ybO+rkymOu2EXPcmwPx+E=">AAAB63icdVDLSsNAFL2pr1pfVZduBovgKiRFsMuCG5cV7APaUCbTSTt0MgkzN0IJ/QU3LhRx6w+582+ctBV8HhjmcM693HtPmEph0PPendLa+sbmVnm7srO7t39QPTzqmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g2nV4XfvePaiETd4izlQUzHSkSCUSykAUc6rNY8t+4VIL+J7y5+rwYrtIbVt8EoYVnMFTJJjen7XopBTjUKJvm8MsgMTymb0jHvW6pozE2QL3adkzOrjEiUaPsUkoX6tSOnsTGzOLSVMcWJ+ekV4l9eP8OoEeRCpRlyxZaDokwSTEhxOBkJzRnKmSWUaWF3JWxCNWVo46nYED4vJf+TTt31Pde/uag1G6s4ynACp3AOPlxCE66hBW1gMIF7eIQnJ3YenGfnZVlaclY9x/ANzusHDp6ONA==</latexit><latexit sha1_base64="ykoaV7ybO+rkymOu2EXPcmwPx+E=">AAAB63icdVDLSsNAFL2pr1pfVZduBovgKiRFsMuCG5cV7APaUCbTSTt0MgkzN0IJ/QU3LhRx6w+582+ctBV8HhjmcM693HtPmEph0PPendLa+sbmVnm7srO7t39QPTzqmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g2nV4XfvePaiETd4izlQUzHSkSCUSykAUc6rNY8t+4VIL+J7y5+rwYrtIbVt8EoYVnMFTJJjen7XopBTjUKJvm8MsgMTymb0jHvW6pozE2QL3adkzOrjEiUaPsUkoX6tSOnsTGzOLSVMcWJ+ekV4l9eP8OoEeRCpRlyxZaDokwSTEhxOBkJzRnKmSWUaWF3JWxCNWVo46nYED4vJf+TTt31Pde/uag1G6s4ynACp3AOPlxCE66hBW1gMIF7eIQnJ3YenGfnZVlaclY9x/ANzusHDp6ONA==</latexit><latexit sha1_base64="ykoaV7ybO+rkymOu2EXPcmwPx+E=">AAAB63icdVDLSsNAFL2pr1pfVZduBovgKiRFsMuCG5cV7APaUCbTSTt0MgkzN0IJ/QU3LhRx6w+582+ctBV8HhjmcM693HtPmEph0PPendLa+sbmVnm7srO7t39QPTzqmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g2nV4XfvePaiETd4izlQUzHSkSCUSykAUc6rNY8t+4VIL+J7y5+rwYrtIbVt8EoYVnMFTJJjen7XopBTjUKJvm8MsgMTymb0jHvW6pozE2QL3adkzOrjEiUaPsUkoX6tSOnsTGzOLSVMcWJ+ekV4l9eP8OoEeRCpRlyxZaDokwSTEhxOBkJzRnKmSWUaWF3JWxCNWVo46nYED4vJf+TTt31Pde/uag1G6s4ynACp3AOPlxCE66hBW1gMIF7eIQnJ3YenGfnZVlaclY9x/ANzusHDp6ONA==</latexit>
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◉ K. Jachymski et al., PRL 120, 013401 (2018)

Fluctuations of the resonance position due to finite-energy corrections

These result in uncertainties on the order of 1 nT for an energy width of 1 nK 



Long-range interactions: Do they help?

◉ T. Wasak, K. Jachymski, T. Calarco, AN, PRA 97, 052701 (2018)

Long-range interactions imply contribution from higher partial-waves

◉ B. E. Granger and D. Blume, PRL 92, 133202 (2004)
◉ P. Giannakeas, F. K. Diakonos, P. Schmelcher, PRA 86, 

042703 (2012)
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Long-range interactions imply contribution from higher partial-waves
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For Cs-Cs ā = 95.5 a0
<latexit sha1_base64="AdSV7L/pc0ViOhEH1SEq9qd7UKA=">AAACD3icdVDLSgNBEJyN7/iKevQymCheXHZFUQ+CEBCPCsYI2SX0TmaTIbMPZnrFsOQPvPgrXjwo4tWrN//GSYzgsy5dVHXT3RWkUmh0nDerMDY+MTk1PVOcnZtfWCwtLV/oJFOM11giE3UZgOZSxLyGAiW/TBWHKJC8HnSrA79+xZUWSXyOvZT7EbRjEQoGaKRmacNDfo35caJoVW9VNa14ASgKFXpID3btXVqBplPpN0tlx952BqC/iWsPq1MmI5w2S69eK2FZxGNkErRuuE6Kfg4KBZO8X/QyzVNgXWjzhqExRFz7+fCfPl03SouG5qYwiZEO1a8TOURa96LAdEaAHf3TG4h/eY0Mw30/F3GaIY/Zx6IwkxQTOgiHtoTiDGXPEGBKmFsp64AChibCognh81P6P7nYtl3Hds92ykf7ozimySpZI5vEJXvkiJyQU1IjjNyQO/JAHq1b6956sp4/WgvWaGaFfIP18g7C8pk8</latexit><latexit sha1_base64="AdSV7L/pc0ViOhEH1SEq9qd7UKA=">AAACD3icdVDLSgNBEJyN7/iKevQymCheXHZFUQ+CEBCPCsYI2SX0TmaTIbMPZnrFsOQPvPgrXjwo4tWrN//GSYzgsy5dVHXT3RWkUmh0nDerMDY+MTk1PVOcnZtfWCwtLV/oJFOM11giE3UZgOZSxLyGAiW/TBWHKJC8HnSrA79+xZUWSXyOvZT7EbRjEQoGaKRmacNDfo35caJoVW9VNa14ASgKFXpID3btXVqBplPpN0tlx952BqC/iWsPq1MmI5w2S69eK2FZxGNkErRuuE6Kfg4KBZO8X/QyzVNgXWjzhqExRFz7+fCfPl03SouG5qYwiZEO1a8TOURa96LAdEaAHf3TG4h/eY0Mw30/F3GaIY/Zx6IwkxQTOgiHtoTiDGXPEGBKmFsp64AChibCognh81P6P7nYtl3Hds92ykf7ozimySpZI5vEJXvkiJyQU1IjjNyQO/JAHq1b6956sp4/WgvWaGaFfIP18g7C8pk8</latexit><latexit sha1_base64="AdSV7L/pc0ViOhEH1SEq9qd7UKA=">AAACD3icdVDLSgNBEJyN7/iKevQymCheXHZFUQ+CEBCPCsYI2SX0TmaTIbMPZnrFsOQPvPgrXjwo4tWrN//GSYzgsy5dVHXT3RWkUmh0nDerMDY+MTk1PVOcnZtfWCwtLV/oJFOM11giE3UZgOZSxLyGAiW/TBWHKJC8HnSrA79+xZUWSXyOvZT7EbRjEQoGaKRmacNDfo35caJoVW9VNa14ASgKFXpID3btXVqBplPpN0tlx952BqC/iWsPq1MmI5w2S69eK2FZxGNkErRuuE6Kfg4KBZO8X/QyzVNgXWjzhqExRFz7+fCfPl03SouG5qYwiZEO1a8TOURa96LAdEaAHf3TG4h/eY0Mw30/F3GaIY/Zx6IwkxQTOgiHtoTiDGXPEGBKmFsp64AChibCognh81P6P7nYtl3Hds92ykf7ozimySpZI5vEJXvkiJyQU1IjjNyQO/JAHq1b6956sp4/WgvWaGaFfIP18g7C8pk8</latexit><latexit sha1_base64="AdSV7L/pc0ViOhEH1SEq9qd7UKA=">AAACD3icdVDLSgNBEJyN7/iKevQymCheXHZFUQ+CEBCPCsYI2SX0TmaTIbMPZnrFsOQPvPgrXjwo4tWrN//GSYzgsy5dVHXT3RWkUmh0nDerMDY+MTk1PVOcnZtfWCwtLV/oJFOM11giE3UZgOZSxLyGAiW/TBWHKJC8HnSrA79+xZUWSXyOvZT7EbRjEQoGaKRmacNDfo35caJoVW9VNa14ASgKFXpID3btXVqBplPpN0tlx952BqC/iWsPq1MmI5w2S69eK2FZxGNkErRuuE6Kfg4KBZO8X/QyzVNgXWjzhqExRFz7+fCfPl03SouG5qYwiZEO1a8TOURa96LAdEaAHf3TG4h/eY0Mw30/F3GaIY/Zx6IwkxQTOgiHtoTiDGXPEGBKmFsp64AChibCognh81P6P7nYtl3Hds92ykf7ozimySpZI5vEJXvkiJyQU1IjjNyQO/JAHq1b6956sp4/WgvWaGaFfIP18g7C8pk8</latexit>

� = 0.15 G (res. width)
<latexit sha1_base64="XWTR3Zx3xnmY5pySKKLY92q3Mrg=">AAACDnicdVDLSgNBEJz1GeNr1aOXwSjoZdkVRS+CqKDHCMYEsiHMTjpmyOyDmV41LPkCL/6KFw+KePXszb9xNkbwWdB0UdXNTFeQSKHRdd+skdGx8YnJwlRxemZ2bt5eWDzXcao4VHgsY1ULmAYpIqigQAm1RAELAwnVoHuY+9VLUFrE0Rn2EmiE7CISbcEZGqlpr/kI15it+kcgkdG9Veo63jY9pusKtEOvRAs7G/2mXXKdTTcH/U08Z9DdEhmi3LRf/VbM0xAi5JJpXffcBBsZUyi4hH7RTzUkjHfZBdQNjVgIupENzunTNaO0aDtWpiKkA/XrRsZCrXthYCZDhh3908vFv7x6iu3dRiaiJEWI+MdD7VRSjGmeDW0JBRxlzxDGlTB/pbzDFONoEiyaED4vpf+T803HMxGebpX2D4ZxFMgyWSHrxCM7ZJ+ckDKpEE5uyB15II/WrXVvPVnPH6Mj1nBniXyD9fIOHwyZmw==</latexit><latexit sha1_base64="XWTR3Zx3xnmY5pySKKLY92q3Mrg=">AAACDnicdVDLSgNBEJz1GeNr1aOXwSjoZdkVRS+CqKDHCMYEsiHMTjpmyOyDmV41LPkCL/6KFw+KePXszb9xNkbwWdB0UdXNTFeQSKHRdd+skdGx8YnJwlRxemZ2bt5eWDzXcao4VHgsY1ULmAYpIqigQAm1RAELAwnVoHuY+9VLUFrE0Rn2EmiE7CISbcEZGqlpr/kI15it+kcgkdG9Veo63jY9pusKtEOvRAs7G/2mXXKdTTcH/U08Z9DdEhmi3LRf/VbM0xAi5JJpXffcBBsZUyi4hH7RTzUkjHfZBdQNjVgIupENzunTNaO0aDtWpiKkA/XrRsZCrXthYCZDhh3908vFv7x6iu3dRiaiJEWI+MdD7VRSjGmeDW0JBRxlzxDGlTB/pbzDFONoEiyaED4vpf+T803HMxGebpX2D4ZxFMgyWSHrxCM7ZJ+ckDKpEE5uyB15II/WrXVvPVnPH6Mj1nBniXyD9fIOHwyZmw==</latexit><latexit sha1_base64="XWTR3Zx3xnmY5pySKKLY92q3Mrg=">AAACDnicdVDLSgNBEJz1GeNr1aOXwSjoZdkVRS+CqKDHCMYEsiHMTjpmyOyDmV41LPkCL/6KFw+KePXszb9xNkbwWdB0UdXNTFeQSKHRdd+skdGx8YnJwlRxemZ2bt5eWDzXcao4VHgsY1ULmAYpIqigQAm1RAELAwnVoHuY+9VLUFrE0Rn2EmiE7CISbcEZGqlpr/kI15it+kcgkdG9Veo63jY9pusKtEOvRAs7G/2mXXKdTTcH/U08Z9DdEhmi3LRf/VbM0xAi5JJpXffcBBsZUyi4hH7RTzUkjHfZBdQNjVgIupENzunTNaO0aDtWpiKkA/XrRsZCrXthYCZDhh3908vFv7x6iu3dRiaiJEWI+MdD7VRSjGmeDW0JBRxlzxDGlTB/pbzDFONoEiyaED4vpf+T803HMxGebpX2D4ZxFMgyWSHrxCM7ZJ+ckDKpEE5uyB15II/WrXVvPVnPH6Mj1nBniXyD9fIOHwyZmw==</latexit><latexit sha1_base64="XWTR3Zx3xnmY5pySKKLY92q3Mrg=">AAACDnicdVDLSgNBEJz1GeNr1aOXwSjoZdkVRS+CqKDHCMYEsiHMTjpmyOyDmV41LPkCL/6KFw+KePXszb9xNkbwWdB0UdXNTFeQSKHRdd+skdGx8YnJwlRxemZ2bt5eWDzXcao4VHgsY1ULmAYpIqigQAm1RAELAwnVoHuY+9VLUFrE0Rn2EmiE7CISbcEZGqlpr/kI15it+kcgkdG9Veo63jY9pusKtEOvRAs7G/2mXXKdTTcH/U08Z9DdEhmi3LRf/VbM0xAi5JJpXffcBBsZUyi4hH7RTzUkjHfZBdQNjVgIupENzunTNaO0aDtWpiKkA/XrRsZCrXthYCZDhh3908vFv7x6iu3dRiaiJEWI+MdD7VRSjGmeDW0JBRxlzxDGlTB/pbzDFONoEiyaED4vpf+T803HMxGebpX2D4ZxFMgyWSHrxCM7ZJ+ckDKpEE5uyB15II/WrXVvPVnPH6Mj1nBniXyD9fIOHwyZmw==</latexit>

d = 20ā
<latexit sha1_base64="kO1CWj0nFkKpfk9J60ifKbZTjrE=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ6YIuhGKblxWsA+YDiWTybShmcyQ3BHK0M9w40IRt36NO//GTFvB54GQwzn3cu89YSaFAULenaXlldW19cpGdXNre2e3trffMWmuGW+zVKa6F1LDpVC8DQIk72Wa0ySUvBuOr0q/e8e1Eam6hUnGg4QOlYgFo2AlP7pokH5IdUGng1qduA1SAv8mnjv7SR0t0BrU3vpRyvKEK2CSGuN7JIOgoBoEk3xa7eeGZ5SN6ZD7liqacBMUs5Wn+NgqEY5TbZ8CPFO/dhQ0MWaShLYyoTAyP71S/Mvzc4jPg0KoLAeu2HxQnEsMKS7vx5HQnIGcWEKZFnZXzEZUUwY2paoN4fNS/D/pNFyPuN7Nab15uYijgg7RETpBHjpDTXSNWqiNGErRPXpETw44D86z8zIvXXIWPQfoG5zXD68mkNs=</latexit><latexit sha1_base64="kO1CWj0nFkKpfk9J60ifKbZTjrE=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ6YIuhGKblxWsA+YDiWTybShmcyQ3BHK0M9w40IRt36NO//GTFvB54GQwzn3cu89YSaFAULenaXlldW19cpGdXNre2e3trffMWmuGW+zVKa6F1LDpVC8DQIk72Wa0ySUvBuOr0q/e8e1Eam6hUnGg4QOlYgFo2AlP7pokH5IdUGng1qduA1SAv8mnjv7SR0t0BrU3vpRyvKEK2CSGuN7JIOgoBoEk3xa7eeGZ5SN6ZD7liqacBMUs5Wn+NgqEY5TbZ8CPFO/dhQ0MWaShLYyoTAyP71S/Mvzc4jPg0KoLAeu2HxQnEsMKS7vx5HQnIGcWEKZFnZXzEZUUwY2paoN4fNS/D/pNFyPuN7Nab15uYijgg7RETpBHjpDTXSNWqiNGErRPXpETw44D86z8zIvXXIWPQfoG5zXD68mkNs=</latexit><latexit sha1_base64="kO1CWj0nFkKpfk9J60ifKbZTjrE=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ6YIuhGKblxWsA+YDiWTybShmcyQ3BHK0M9w40IRt36NO//GTFvB54GQwzn3cu89YSaFAULenaXlldW19cpGdXNre2e3trffMWmuGW+zVKa6F1LDpVC8DQIk72Wa0ySUvBuOr0q/e8e1Eam6hUnGg4QOlYgFo2AlP7pokH5IdUGng1qduA1SAv8mnjv7SR0t0BrU3vpRyvKEK2CSGuN7JIOgoBoEk3xa7eeGZ5SN6ZD7liqacBMUs5Wn+NgqEY5TbZ8CPFO/dhQ0MWaShLYyoTAyP71S/Mvzc4jPg0KoLAeu2HxQnEsMKS7vx5HQnIGcWEKZFnZXzEZUUwY2paoN4fNS/D/pNFyPuN7Nab15uYijgg7RETpBHjpDTXSNWqiNGErRPXpETw44D86z8zIvXXIWPQfoG5zXD68mkNs=</latexit><latexit sha1_base64="kO1CWj0nFkKpfk9J60ifKbZTjrE=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ6YIuhGKblxWsA+YDiWTybShmcyQ3BHK0M9w40IRt36NO//GTFvB54GQwzn3cu89YSaFAULenaXlldW19cpGdXNre2e3trffMWmuGW+zVKa6F1LDpVC8DQIk72Wa0ySUvBuOr0q/e8e1Eam6hUnGg4QOlYgFo2AlP7pokH5IdUGng1qduA1SAv8mnjv7SR0t0BrU3vpRyvKEK2CSGuN7JIOgoBoEk3xa7eeGZ5SN6ZD7liqacBMUs5Wn+NgqEY5TbZ8CPFO/dhQ0MWaShLYyoTAyP71S/Mvzc4jPg0KoLAeu2HxQnEsMKS7vx5HQnIGcWEKZFnZXzEZUUwY2paoN4fNS/D/pNFyPuN7Nab15uYijgg7RETpBHjpDTXSNWqiNGErRPXpETw44D86z8zIvXXIWPQfoG5zXD68mkNs=</latexit>



Long-range interactions: Do they help?

◉ T. Wasak, K. Jachymski, T. Calarco, AN, PRA 97, 052701 (2018)

Long-range interactions imply contribution from higher partial-waves
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p-wave
<latexit sha1_base64="Pe/MHfZI+u66awRWckg3GNa1PeM=">AAAB+HicdVDJSgNBEO2JW4xLoh69NCaCF4eZIJhjwIvHCGaBJISeTk3SpGehuyYah3yJFw+KePVTvPk3dhbB9UFRj/eq6OrnxVJodJx3K7Oyura+kd3MbW3v7OYLe/sNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9EYXM785BqVFFF7jJIZuwAah8AVnaKReId9BuMW0FJdOb9gYpr1C0bHLzgz0N3HteXeKZIlar/DW6Uc8CSBELpnWbdeJsZsyhYJLmOY6iYaY8REbQNvQkAWgu+n88Ck9Nkqf+pEyFSKdq183UhZoPQk8MxkwHOqf3kz8y2sn6Fe6qQjjBCHki4f8RFKM6CwF2hcKOMqJIYwrYW6lfMgU42iyypkQPn9K/yeNsu06tnt1VqxWlnFkySE5IifEJeekSi5JjdQJJwm5J4/kybqzHqxn62UxmrGWOwfkG6zXD3vFku4=</latexit><latexit sha1_base64="Pe/MHfZI+u66awRWckg3GNa1PeM=">AAAB+HicdVDJSgNBEO2JW4xLoh69NCaCF4eZIJhjwIvHCGaBJISeTk3SpGehuyYah3yJFw+KePVTvPk3dhbB9UFRj/eq6OrnxVJodJx3K7Oyura+kd3MbW3v7OYLe/sNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9EYXM785BqVFFF7jJIZuwAah8AVnaKReId9BuMW0FJdOb9gYpr1C0bHLzgz0N3HteXeKZIlar/DW6Uc8CSBELpnWbdeJsZsyhYJLmOY6iYaY8REbQNvQkAWgu+n88Ck9Nkqf+pEyFSKdq183UhZoPQk8MxkwHOqf3kz8y2sn6Fe6qQjjBCHki4f8RFKM6CwF2hcKOMqJIYwrYW6lfMgU42iyypkQPn9K/yeNsu06tnt1VqxWlnFkySE5IifEJeekSi5JjdQJJwm5J4/kybqzHqxn62UxmrGWOwfkG6zXD3vFku4=</latexit><latexit sha1_base64="Pe/MHfZI+u66awRWckg3GNa1PeM=">AAAB+HicdVDJSgNBEO2JW4xLoh69NCaCF4eZIJhjwIvHCGaBJISeTk3SpGehuyYah3yJFw+KePVTvPk3dhbB9UFRj/eq6OrnxVJodJx3K7Oyura+kd3MbW3v7OYLe/sNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9EYXM785BqVFFF7jJIZuwAah8AVnaKReId9BuMW0FJdOb9gYpr1C0bHLzgz0N3HteXeKZIlar/DW6Uc8CSBELpnWbdeJsZsyhYJLmOY6iYaY8REbQNvQkAWgu+n88Ck9Nkqf+pEyFSKdq183UhZoPQk8MxkwHOqf3kz8y2sn6Fe6qQjjBCHki4f8RFKM6CwF2hcKOMqJIYwrYW6lfMgU42iyypkQPn9K/yeNsu06tnt1VqxWlnFkySE5IifEJeekSi5JjdQJJwm5J4/kybqzHqxn62UxmrGWOwfkG6zXD3vFku4=</latexit><latexit sha1_base64="Pe/MHfZI+u66awRWckg3GNa1PeM=">AAAB+HicdVDJSgNBEO2JW4xLoh69NCaCF4eZIJhjwIvHCGaBJISeTk3SpGehuyYah3yJFw+KePVTvPk3dhbB9UFRj/eq6OrnxVJodJx3K7Oyura+kd3MbW3v7OYLe/sNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9EYXM785BqVFFF7jJIZuwAah8AVnaKReId9BuMW0FJdOb9gYpr1C0bHLzgz0N3HteXeKZIlar/DW6Uc8CSBELpnWbdeJsZsyhYJLmOY6iYaY8REbQNvQkAWgu+n88Ck9Nkqf+pEyFSKdq183UhZoPQk8MxkwHOqf3kz8y2sn6Fe6qQjjBCHki4f8RFKM6CwF2hcKOMqJIYwrYW6lfMgU42iyypkQPn9K/yeNsu06tnt1VqxWlnFkySE5IifEJeekSi5JjdQJJwm5J4/kybqzHqxn62UxmrGWOwfkG6zXD3vFku4=</latexit>

s-wave
<latexit sha1_base64="F3/Yvr3HGehi3lcmJOGlKoJ2fyg=">AAAB+HicdVDJSgNBEO2JW4xLoh69NCaCF4eZIJhjwIvHCGaBJISeTk3SpGehuyYah3yJFw+KePVTvPk3dhbB9UFRj/eq6OrnxVJodJx3K7Oyura+kd3MbW3v7OYLe/sNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9EYXM785BqVFFF7jJIZuwAah8AVnaKReId9BuMW0pEunN2wM016h6NhlZwb6m7j2vDtFskStV3jr9COeBBAil0zrtuvE2E2ZQsElTHOdREPM+IgNoG1oyALQ3XR++JQeG6VP/UiZCpHO1a8bKQu0ngSemQwYDvVPbyb+5bUT9CvdVIRxghDyxUN+IilGdJYC7QsFHOXEEMaVMLdSPmSKcTRZ5UwInz+l/5NG2XYd2706K1Yryziy5JAckRPiknNSJZekRuqEk4Tck0fyZN1ZD9az9bIYzVjLnQPyDdbrB4BmkvE=</latexit><latexit sha1_base64="F3/Yvr3HGehi3lcmJOGlKoJ2fyg=">AAAB+HicdVDJSgNBEO2JW4xLoh69NCaCF4eZIJhjwIvHCGaBJISeTk3SpGehuyYah3yJFw+KePVTvPk3dhbB9UFRj/eq6OrnxVJodJx3K7Oyura+kd3MbW3v7OYLe/sNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9EYXM785BqVFFF7jJIZuwAah8AVnaKReId9BuMW0pEunN2wM016h6NhlZwb6m7j2vDtFskStV3jr9COeBBAil0zrtuvE2E2ZQsElTHOdREPM+IgNoG1oyALQ3XR++JQeG6VP/UiZCpHO1a8bKQu0ngSemQwYDvVPbyb+5bUT9CvdVIRxghDyxUN+IilGdJYC7QsFHOXEEMaVMLdSPmSKcTRZ5UwInz+l/5NG2XYd2706K1Yryziy5JAckRPiknNSJZekRuqEk4Tck0fyZN1ZD9az9bIYzVjLnQPyDdbrB4BmkvE=</latexit><latexit sha1_base64="F3/Yvr3HGehi3lcmJOGlKoJ2fyg=">AAAB+HicdVDJSgNBEO2JW4xLoh69NCaCF4eZIJhjwIvHCGaBJISeTk3SpGehuyYah3yJFw+KePVTvPk3dhbB9UFRj/eq6OrnxVJodJx3K7Oyura+kd3MbW3v7OYLe/sNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9EYXM785BqVFFF7jJIZuwAah8AVnaKReId9BuMW0pEunN2wM016h6NhlZwb6m7j2vDtFskStV3jr9COeBBAil0zrtuvE2E2ZQsElTHOdREPM+IgNoG1oyALQ3XR++JQeG6VP/UiZCpHO1a8bKQu0ngSemQwYDvVPbyb+5bUT9CvdVIRxghDyxUN+IilGdJYC7QsFHOXEEMaVMLdSPmSKcTRZ5UwInz+l/5NG2XYd2706K1Yryziy5JAckRPiknNSJZekRuqEk4Tck0fyZN1ZD9az9bIYzVjLnQPyDdbrB4BmkvE=</latexit><latexit sha1_base64="F3/Yvr3HGehi3lcmJOGlKoJ2fyg=">AAAB+HicdVDJSgNBEO2JW4xLoh69NCaCF4eZIJhjwIvHCGaBJISeTk3SpGehuyYah3yJFw+KePVTvPk3dhbB9UFRj/eq6OrnxVJodJx3K7Oyura+kd3MbW3v7OYLe/sNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9EYXM785BqVFFF7jJIZuwAah8AVnaKReId9BuMW0pEunN2wM016h6NhlZwb6m7j2vDtFskStV3jr9COeBBAil0zrtuvE2E2ZQsElTHOdREPM+IgNoG1oyALQ3XR++JQeG6VP/UiZCpHO1a8bKQu0ngSemQwYDvVPbyb+5bUT9CvdVIRxghDyxUN+IilGdJYC7QsFHOXEEMaVMLdSPmSKcTRZ5UwInz+l/5NG2XYd2706K1Yryziy5JAckRPiknNSJZekRuqEk4Tck0fyZN1ZD9az9bIYzVjLnQPyDdbrB4BmkvE=</latexit>

pā = 0.001
<latexit sha1_base64="zhxOdIisQTdoOyBV432lh3Uuocs=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqiRF7HQhFNy4rGAf0I4lk6ZtaOZBklHK0P9w40IRt/6LO//GTFtBRQ9c7uGce8nN8WMptMH4w8mtrK6tb+Q3C1vbO7t7xf2Dlo4SxXiTRTJSHZ9qLkXIm0YYyTux4jTwJW/7k8vMb99xpUUU3phpzL2AjkIxFIwaK93GPZ+qlM4ucBlj0i+Wso4JIWguVM+xJbWaWyEuIpllUYIlGv3ie28QsSTgoWGSat0lODZeSpURTPJZoZdoHlM2oSPetTSkAddeOr96hk6sMkDDSNkKDZqr3zdSGmg9DXw7GVAz1r+9TPzL6yZm6HqpCOPE8JAtHhomEpkIZRGggVCcGTm1hDIl7K2IjamizNigCjaEr5+i/0mrUia4TK7PSnV3GUcejuAYToFAFepwBQ1oAgMFD/AEz8698+i8OK+L0Zyz3DmEH3DePgFYlpG4</latexit><latexit sha1_base64="zhxOdIisQTdoOyBV432lh3Uuocs=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqiRF7HQhFNy4rGAf0I4lk6ZtaOZBklHK0P9w40IRt/6LO//GTFtBRQ9c7uGce8nN8WMptMH4w8mtrK6tb+Q3C1vbO7t7xf2Dlo4SxXiTRTJSHZ9qLkXIm0YYyTux4jTwJW/7k8vMb99xpUUU3phpzL2AjkIxFIwaK93GPZ+qlM4ucBlj0i+Wso4JIWguVM+xJbWaWyEuIpllUYIlGv3ie28QsSTgoWGSat0lODZeSpURTPJZoZdoHlM2oSPetTSkAddeOr96hk6sMkDDSNkKDZqr3zdSGmg9DXw7GVAz1r+9TPzL6yZm6HqpCOPE8JAtHhomEpkIZRGggVCcGTm1hDIl7K2IjamizNigCjaEr5+i/0mrUia4TK7PSnV3GUcejuAYToFAFepwBQ1oAgMFD/AEz8698+i8OK+L0Zyz3DmEH3DePgFYlpG4</latexit><latexit sha1_base64="zhxOdIisQTdoOyBV432lh3Uuocs=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqiRF7HQhFNy4rGAf0I4lk6ZtaOZBklHK0P9w40IRt/6LO//GTFtBRQ9c7uGce8nN8WMptMH4w8mtrK6tb+Q3C1vbO7t7xf2Dlo4SxXiTRTJSHZ9qLkXIm0YYyTux4jTwJW/7k8vMb99xpUUU3phpzL2AjkIxFIwaK93GPZ+qlM4ucBlj0i+Wso4JIWguVM+xJbWaWyEuIpllUYIlGv3ie28QsSTgoWGSat0lODZeSpURTPJZoZdoHlM2oSPetTSkAddeOr96hk6sMkDDSNkKDZqr3zdSGmg9DXw7GVAz1r+9TPzL6yZm6HqpCOPE8JAtHhomEpkIZRGggVCcGTm1hDIl7K2IjamizNigCjaEr5+i/0mrUia4TK7PSnV3GUcejuAYToFAFepwBQ1oAgMFD/AEz8698+i8OK+L0Zyz3DmEH3DePgFYlpG4</latexit><latexit sha1_base64="zhxOdIisQTdoOyBV432lh3Uuocs=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqiRF7HQhFNy4rGAf0I4lk6ZtaOZBklHK0P9w40IRt/6LO//GTFtBRQ9c7uGce8nN8WMptMH4w8mtrK6tb+Q3C1vbO7t7xf2Dlo4SxXiTRTJSHZ9qLkXIm0YYyTux4jTwJW/7k8vMb99xpUUU3phpzL2AjkIxFIwaK93GPZ+qlM4ucBlj0i+Wso4JIWguVM+xJbWaWyEuIpllUYIlGv3ie28QsSTgoWGSat0lODZeSpURTPJZoZdoHlM2oSPetTSkAddeOr96hk6sMkDDSNkKDZqr3zdSGmg9DXw7GVAz1r+9TPzL6yZm6HqpCOPE8JAtHhomEpkIZRGggVCcGTm1hDIl7K2IjamizNigCjaEr5+i/0mrUia4TK7PSnV3GUcejuAYToFAFepwBQ1oAgMFD/AEz8698+i8OK+L0Zyz3DmEH3DePgFYlpG4</latexit>

pā = 0.01
<latexit sha1_base64="PpNMDELAj3Du9CKOfwwV521v2zM=">AAAB9HicdVDJSgNBEK1xjXGLevTSGARPQ08QzEUIePEYwSyQDKGm00ma9Cx29wTCkO/w4kERr36MN//GniSC64OiHu9V0dUvSKTQhtJ3Z2V1bX1js7BV3N7Z3dsvHRw2dZwqxhsslrFqB6i5FBFvGGEkbyeKYxhI3grGV7nfmnClRRzdmmnC/RCHkRgIhsZKftINUGU4u6Qu9XqlMnUrNAf5TTx33mkZlqj3Sm/dfszSkEeGSdS649HE+BkqI5jks2I31TxBNsYh71gaYci1n82PnpFTq/TJIFa2IkPm6teNDEOtp2FgJ0M0I/3Ty8W/vE5qBlU/E1GSGh6xxUODVBITkzwB0heKMyOnliBTwt5K2AgVMmNzKtoQPn9K/ifNiutR17s5L9eqyzgKcAwncAYeXEANrqEODWBwB/fwCE/OxHlwnp2XxeiKs9w5gm9wXj8Aoj6RTg==</latexit><latexit sha1_base64="PpNMDELAj3Du9CKOfwwV521v2zM=">AAAB9HicdVDJSgNBEK1xjXGLevTSGARPQ08QzEUIePEYwSyQDKGm00ma9Cx29wTCkO/w4kERr36MN//GniSC64OiHu9V0dUvSKTQhtJ3Z2V1bX1js7BV3N7Z3dsvHRw2dZwqxhsslrFqB6i5FBFvGGEkbyeKYxhI3grGV7nfmnClRRzdmmnC/RCHkRgIhsZKftINUGU4u6Qu9XqlMnUrNAf5TTx33mkZlqj3Sm/dfszSkEeGSdS649HE+BkqI5jks2I31TxBNsYh71gaYci1n82PnpFTq/TJIFa2IkPm6teNDEOtp2FgJ0M0I/3Ty8W/vE5qBlU/E1GSGh6xxUODVBITkzwB0heKMyOnliBTwt5K2AgVMmNzKtoQPn9K/ifNiutR17s5L9eqyzgKcAwncAYeXEANrqEODWBwB/fwCE/OxHlwnp2XxeiKs9w5gm9wXj8Aoj6RTg==</latexit><latexit sha1_base64="PpNMDELAj3Du9CKOfwwV521v2zM=">AAAB9HicdVDJSgNBEK1xjXGLevTSGARPQ08QzEUIePEYwSyQDKGm00ma9Cx29wTCkO/w4kERr36MN//GniSC64OiHu9V0dUvSKTQhtJ3Z2V1bX1js7BV3N7Z3dsvHRw2dZwqxhsslrFqB6i5FBFvGGEkbyeKYxhI3grGV7nfmnClRRzdmmnC/RCHkRgIhsZKftINUGU4u6Qu9XqlMnUrNAf5TTx33mkZlqj3Sm/dfszSkEeGSdS649HE+BkqI5jks2I31TxBNsYh71gaYci1n82PnpFTq/TJIFa2IkPm6teNDEOtp2FgJ0M0I/3Ty8W/vE5qBlU/E1GSGh6xxUODVBITkzwB0heKMyOnliBTwt5K2AgVMmNzKtoQPn9K/ifNiutR17s5L9eqyzgKcAwncAYeXEANrqEODWBwB/fwCE/OxHlwnp2XxeiKs9w5gm9wXj8Aoj6RTg==</latexit><latexit sha1_base64="PpNMDELAj3Du9CKOfwwV521v2zM=">AAAB9HicdVDJSgNBEK1xjXGLevTSGARPQ08QzEUIePEYwSyQDKGm00ma9Cx29wTCkO/w4kERr36MN//GniSC64OiHu9V0dUvSKTQhtJ3Z2V1bX1js7BV3N7Z3dsvHRw2dZwqxhsslrFqB6i5FBFvGGEkbyeKYxhI3grGV7nfmnClRRzdmmnC/RCHkRgIhsZKftINUGU4u6Qu9XqlMnUrNAf5TTx33mkZlqj3Sm/dfszSkEeGSdS649HE+BkqI5jks2I31TxBNsYh71gaYci1n82PnpFTq/TJIFa2IkPm6teNDEOtp2FgJ0M0I/3Ty8W/vE5qBlU/E1GSGh6xxUODVBITkzwB0heKMyOnliBTwt5K2AgVMmNzKtoQPn9K/ifNiutR17s5L9eqyzgKcAwncAYeXEANrqEODWBwB/fwCE/OxHlwnp2XxeiKs9w5gm9wXj8Aoj6RTg==</latexit>

pā = 0.01
<latexit sha1_base64="PpNMDELAj3Du9CKOfwwV521v2zM=">AAAB9HicdVDJSgNBEK1xjXGLevTSGARPQ08QzEUIePEYwSyQDKGm00ma9Cx29wTCkO/w4kERr36MN//GniSC64OiHu9V0dUvSKTQhtJ3Z2V1bX1js7BV3N7Z3dsvHRw2dZwqxhsslrFqB6i5FBFvGGEkbyeKYxhI3grGV7nfmnClRRzdmmnC/RCHkRgIhsZKftINUGU4u6Qu9XqlMnUrNAf5TTx33mkZlqj3Sm/dfszSkEeGSdS649HE+BkqI5jks2I31TxBNsYh71gaYci1n82PnpFTq/TJIFa2IkPm6teNDEOtp2FgJ0M0I/3Ty8W/vE5qBlU/E1GSGh6xxUODVBITkzwB0heKMyOnliBTwt5K2AgVMmNzKtoQPn9K/ifNiutR17s5L9eqyzgKcAwncAYeXEANrqEODWBwB/fwCE/OxHlwnp2XxeiKs9w5gm9wXj8Aoj6RTg==</latexit><latexit sha1_base64="PpNMDELAj3Du9CKOfwwV521v2zM=">AAAB9HicdVDJSgNBEK1xjXGLevTSGARPQ08QzEUIePEYwSyQDKGm00ma9Cx29wTCkO/w4kERr36MN//GniSC64OiHu9V0dUvSKTQhtJ3Z2V1bX1js7BV3N7Z3dsvHRw2dZwqxhsslrFqB6i5FBFvGGEkbyeKYxhI3grGV7nfmnClRRzdmmnC/RCHkRgIhsZKftINUGU4u6Qu9XqlMnUrNAf5TTx33mkZlqj3Sm/dfszSkEeGSdS649HE+BkqI5jks2I31TxBNsYh71gaYci1n82PnpFTq/TJIFa2IkPm6teNDEOtp2FgJ0M0I/3Ty8W/vE5qBlU/E1GSGh6xxUODVBITkzwB0heKMyOnliBTwt5K2AgVMmNzKtoQPn9K/ifNiutR17s5L9eqyzgKcAwncAYeXEANrqEODWBwB/fwCE/OxHlwnp2XxeiKs9w5gm9wXj8Aoj6RTg==</latexit><latexit sha1_base64="PpNMDELAj3Du9CKOfwwV521v2zM=">AAAB9HicdVDJSgNBEK1xjXGLevTSGARPQ08QzEUIePEYwSyQDKGm00ma9Cx29wTCkO/w4kERr36MN//GniSC64OiHu9V0dUvSKTQhtJ3Z2V1bX1js7BV3N7Z3dsvHRw2dZwqxhsslrFqB6i5FBFvGGEkbyeKYxhI3grGV7nfmnClRRzdmmnC/RCHkRgIhsZKftINUGU4u6Qu9XqlMnUrNAf5TTx33mkZlqj3Sm/dfszSkEeGSdS649HE+BkqI5jks2I31TxBNsYh71gaYci1n82PnpFTq/TJIFa2IkPm6teNDEOtp2FgJ0M0I/3Ty8W/vE5qBlU/E1GSGh6xxUODVBITkzwB0heKMyOnliBTwt5K2AgVMmNzKtoQPn9K/ifNiutR17s5L9eqyzgKcAwncAYeXEANrqEODWBwB/fwCE/OxHlwnp2XxeiKs9w5gm9wXj8Aoj6RTg==</latexit><latexit sha1_base64="PpNMDELAj3Du9CKOfwwV521v2zM=">AAAB9HicdVDJSgNBEK1xjXGLevTSGARPQ08QzEUIePEYwSyQDKGm00ma9Cx29wTCkO/w4kERr36MN//GniSC64OiHu9V0dUvSKTQhtJ3Z2V1bX1js7BV3N7Z3dsvHRw2dZwqxhsslrFqB6i5FBFvGGEkbyeKYxhI3grGV7nfmnClRRzdmmnC/RCHkRgIhsZKftINUGU4u6Qu9XqlMnUrNAf5TTx33mkZlqj3Sm/dfszSkEeGSdS649HE+BkqI5jks2I31TxBNsYh71gaYci1n82PnpFTq/TJIFa2IkPm6teNDEOtp2FgJ0M0I/3Ty8W/vE5qBlU/E1GSGh6xxUODVBITkzwB0heKMyOnliBTwt5K2AgVMmNzKtoQPn9K/ifNiutR17s5L9eqyzgKcAwncAYeXEANrqEODWBwB/fwCE/OxHlwnp2XxeiKs9w5gm9wXj8Aoj6RTg==</latexit>

pā = 0.001
<latexit sha1_base64="zhxOdIisQTdoOyBV432lh3Uuocs=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqiRF7HQhFNy4rGAf0I4lk6ZtaOZBklHK0P9w40IRt/6LO//GTFtBRQ9c7uGce8nN8WMptMH4w8mtrK6tb+Q3C1vbO7t7xf2Dlo4SxXiTRTJSHZ9qLkXIm0YYyTux4jTwJW/7k8vMb99xpUUU3phpzL2AjkIxFIwaK93GPZ+qlM4ucBlj0i+Wso4JIWguVM+xJbWaWyEuIpllUYIlGv3ie28QsSTgoWGSat0lODZeSpURTPJZoZdoHlM2oSPetTSkAddeOr96hk6sMkDDSNkKDZqr3zdSGmg9DXw7GVAz1r+9TPzL6yZm6HqpCOPE8JAtHhomEpkIZRGggVCcGTm1hDIl7K2IjamizNigCjaEr5+i/0mrUia4TK7PSnV3GUcejuAYToFAFepwBQ1oAgMFD/AEz8698+i8OK+L0Zyz3DmEH3DePgFYlpG4</latexit><latexit sha1_base64="zhxOdIisQTdoOyBV432lh3Uuocs=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqiRF7HQhFNy4rGAf0I4lk6ZtaOZBklHK0P9w40IRt/6LO//GTFtBRQ9c7uGce8nN8WMptMH4w8mtrK6tb+Q3C1vbO7t7xf2Dlo4SxXiTRTJSHZ9qLkXIm0YYyTux4jTwJW/7k8vMb99xpUUU3phpzL2AjkIxFIwaK93GPZ+qlM4ucBlj0i+Wso4JIWguVM+xJbWaWyEuIpllUYIlGv3ie28QsSTgoWGSat0lODZeSpURTPJZoZdoHlM2oSPetTSkAddeOr96hk6sMkDDSNkKDZqr3zdSGmg9DXw7GVAz1r+9TPzL6yZm6HqpCOPE8JAtHhomEpkIZRGggVCcGTm1hDIl7K2IjamizNigCjaEr5+i/0mrUia4TK7PSnV3GUcejuAYToFAFepwBQ1oAgMFD/AEz8698+i8OK+L0Zyz3DmEH3DePgFYlpG4</latexit><latexit sha1_base64="zhxOdIisQTdoOyBV432lh3Uuocs=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqiRF7HQhFNy4rGAf0I4lk6ZtaOZBklHK0P9w40IRt/6LO//GTFtBRQ9c7uGce8nN8WMptMH4w8mtrK6tb+Q3C1vbO7t7xf2Dlo4SxXiTRTJSHZ9qLkXIm0YYyTux4jTwJW/7k8vMb99xpUUU3phpzL2AjkIxFIwaK93GPZ+qlM4ucBlj0i+Wso4JIWguVM+xJbWaWyEuIpllUYIlGv3ie28QsSTgoWGSat0lODZeSpURTPJZoZdoHlM2oSPetTSkAddeOr96hk6sMkDDSNkKDZqr3zdSGmg9DXw7GVAz1r+9TPzL6yZm6HqpCOPE8JAtHhomEpkIZRGggVCcGTm1hDIl7K2IjamizNigCjaEr5+i/0mrUia4TK7PSnV3GUcejuAYToFAFepwBQ1oAgMFD/AEz8698+i8OK+L0Zyz3DmEH3DePgFYlpG4</latexit><latexit sha1_base64="zhxOdIisQTdoOyBV432lh3Uuocs=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqiRF7HQhFNy4rGAf0I4lk6ZtaOZBklHK0P9w40IRt/6LO//GTFtBRQ9c7uGce8nN8WMptMH4w8mtrK6tb+Q3C1vbO7t7xf2Dlo4SxXiTRTJSHZ9qLkXIm0YYyTux4jTwJW/7k8vMb99xpUUU3phpzL2AjkIxFIwaK93GPZ+qlM4ucBlj0i+Wso4JIWguVM+xJbWaWyEuIpllUYIlGv3ie28QsSTgoWGSat0lODZeSpURTPJZoZdoHlM2oSPetTSkAddeOr96hk6sMkDDSNkKDZqr3zdSGmg9DXw7GVAz1r+9TPzL6yZm6HqpCOPE8JAtHhomEpkIZRGggVCcGTm1hDIl7K2IjamizNigCjaEr5+i/0mrUia4TK7PSnV3GUcejuAYToFAFepwBQ1oAgMFD/AEz8698+i8OK+L0Zyz3DmEH3DePgFYlpG4</latexit>

For Cs-Cs ā = 95.5 a0
<latexit sha1_base64="AdSV7L/pc0ViOhEH1SEq9qd7UKA=">AAACD3icdVDLSgNBEJyN7/iKevQymCheXHZFUQ+CEBCPCsYI2SX0TmaTIbMPZnrFsOQPvPgrXjwo4tWrN//GSYzgsy5dVHXT3RWkUmh0nDerMDY+MTk1PVOcnZtfWCwtLV/oJFOM11giE3UZgOZSxLyGAiW/TBWHKJC8HnSrA79+xZUWSXyOvZT7EbRjEQoGaKRmacNDfo35caJoVW9VNa14ASgKFXpID3btXVqBplPpN0tlx952BqC/iWsPq1MmI5w2S69eK2FZxGNkErRuuE6Kfg4KBZO8X/QyzVNgXWjzhqExRFz7+fCfPl03SouG5qYwiZEO1a8TOURa96LAdEaAHf3TG4h/eY0Mw30/F3GaIY/Zx6IwkxQTOgiHtoTiDGXPEGBKmFsp64AChibCognh81P6P7nYtl3Hds92ykf7ozimySpZI5vEJXvkiJyQU1IjjNyQO/JAHq1b6956sp4/WgvWaGaFfIP18g7C8pk8</latexit><latexit sha1_base64="AdSV7L/pc0ViOhEH1SEq9qd7UKA=">AAACD3icdVDLSgNBEJyN7/iKevQymCheXHZFUQ+CEBCPCsYI2SX0TmaTIbMPZnrFsOQPvPgrXjwo4tWrN//GSYzgsy5dVHXT3RWkUmh0nDerMDY+MTk1PVOcnZtfWCwtLV/oJFOM11giE3UZgOZSxLyGAiW/TBWHKJC8HnSrA79+xZUWSXyOvZT7EbRjEQoGaKRmacNDfo35caJoVW9VNa14ASgKFXpID3btXVqBplPpN0tlx952BqC/iWsPq1MmI5w2S69eK2FZxGNkErRuuE6Kfg4KBZO8X/QyzVNgXWjzhqExRFz7+fCfPl03SouG5qYwiZEO1a8TOURa96LAdEaAHf3TG4h/eY0Mw30/F3GaIY/Zx6IwkxQTOgiHtoTiDGXPEGBKmFsp64AChibCognh81P6P7nYtl3Hds92ykf7ozimySpZI5vEJXvkiJyQU1IjjNyQO/JAHq1b6956sp4/WgvWaGaFfIP18g7C8pk8</latexit><latexit sha1_base64="AdSV7L/pc0ViOhEH1SEq9qd7UKA=">AAACD3icdVDLSgNBEJyN7/iKevQymCheXHZFUQ+CEBCPCsYI2SX0TmaTIbMPZnrFsOQPvPgrXjwo4tWrN//GSYzgsy5dVHXT3RWkUmh0nDerMDY+MTk1PVOcnZtfWCwtLV/oJFOM11giE3UZgOZSxLyGAiW/TBWHKJC8HnSrA79+xZUWSXyOvZT7EbRjEQoGaKRmacNDfo35caJoVW9VNa14ASgKFXpID3btXVqBplPpN0tlx952BqC/iWsPq1MmI5w2S69eK2FZxGNkErRuuE6Kfg4KBZO8X/QyzVNgXWjzhqExRFz7+fCfPl03SouG5qYwiZEO1a8TOURa96LAdEaAHf3TG4h/eY0Mw30/F3GaIY/Zx6IwkxQTOgiHtoTiDGXPEGBKmFsp64AChibCognh81P6P7nYtl3Hds92ykf7ozimySpZI5vEJXvkiJyQU1IjjNyQO/JAHq1b6956sp4/WgvWaGaFfIP18g7C8pk8</latexit><latexit sha1_base64="AdSV7L/pc0ViOhEH1SEq9qd7UKA=">AAACD3icdVDLSgNBEJyN7/iKevQymCheXHZFUQ+CEBCPCsYI2SX0TmaTIbMPZnrFsOQPvPgrXjwo4tWrN//GSYzgsy5dVHXT3RWkUmh0nDerMDY+MTk1PVOcnZtfWCwtLV/oJFOM11giE3UZgOZSxLyGAiW/TBWHKJC8HnSrA79+xZUWSXyOvZT7EbRjEQoGaKRmacNDfo35caJoVW9VNa14ASgKFXpID3btXVqBplPpN0tlx952BqC/iWsPq1MmI5w2S69eK2FZxGNkErRuuE6Kfg4KBZO8X/QyzVNgXWjzhqExRFz7+fCfPl03SouG5qYwiZEO1a8TOURa96LAdEaAHf3TG4h/eY0Mw30/F3GaIY/Zx6IwkxQTOgiHtoTiDGXPEGBKmFsp64AChibCognh81P6P7nYtl3Hds92ykf7ozimySpZI5vEJXvkiJyQU1IjjNyQO/JAHq1b6956sp4/WgvWaGaFfIP18g7C8pk8</latexit>

� = 0.15 G (res. width)
<latexit sha1_base64="XWTR3Zx3xnmY5pySKKLY92q3Mrg=">AAACDnicdVDLSgNBEJz1GeNr1aOXwSjoZdkVRS+CqKDHCMYEsiHMTjpmyOyDmV41LPkCL/6KFw+KePXszb9xNkbwWdB0UdXNTFeQSKHRdd+skdGx8YnJwlRxemZ2bt5eWDzXcao4VHgsY1ULmAYpIqigQAm1RAELAwnVoHuY+9VLUFrE0Rn2EmiE7CISbcEZGqlpr/kI15it+kcgkdG9Veo63jY9pusKtEOvRAs7G/2mXXKdTTcH/U08Z9DdEhmi3LRf/VbM0xAi5JJpXffcBBsZUyi4hH7RTzUkjHfZBdQNjVgIupENzunTNaO0aDtWpiKkA/XrRsZCrXthYCZDhh3908vFv7x6iu3dRiaiJEWI+MdD7VRSjGmeDW0JBRxlzxDGlTB/pbzDFONoEiyaED4vpf+T803HMxGebpX2D4ZxFMgyWSHrxCM7ZJ+ckDKpEE5uyB15II/WrXVvPVnPH6Mj1nBniXyD9fIOHwyZmw==</latexit><latexit sha1_base64="XWTR3Zx3xnmY5pySKKLY92q3Mrg=">AAACDnicdVDLSgNBEJz1GeNr1aOXwSjoZdkVRS+CqKDHCMYEsiHMTjpmyOyDmV41LPkCL/6KFw+KePXszb9xNkbwWdB0UdXNTFeQSKHRdd+skdGx8YnJwlRxemZ2bt5eWDzXcao4VHgsY1ULmAYpIqigQAm1RAELAwnVoHuY+9VLUFrE0Rn2EmiE7CISbcEZGqlpr/kI15it+kcgkdG9Veo63jY9pusKtEOvRAs7G/2mXXKdTTcH/U08Z9DdEhmi3LRf/VbM0xAi5JJpXffcBBsZUyi4hH7RTzUkjHfZBdQNjVgIupENzunTNaO0aDtWpiKkA/XrRsZCrXthYCZDhh3908vFv7x6iu3dRiaiJEWI+MdD7VRSjGmeDW0JBRxlzxDGlTB/pbzDFONoEiyaED4vpf+T803HMxGebpX2D4ZxFMgyWSHrxCM7ZJ+ckDKpEE5uyB15II/WrXVvPVnPH6Mj1nBniXyD9fIOHwyZmw==</latexit><latexit sha1_base64="XWTR3Zx3xnmY5pySKKLY92q3Mrg=">AAACDnicdVDLSgNBEJz1GeNr1aOXwSjoZdkVRS+CqKDHCMYEsiHMTjpmyOyDmV41LPkCL/6KFw+KePXszb9xNkbwWdB0UdXNTFeQSKHRdd+skdGx8YnJwlRxemZ2bt5eWDzXcao4VHgsY1ULmAYpIqigQAm1RAELAwnVoHuY+9VLUFrE0Rn2EmiE7CISbcEZGqlpr/kI15it+kcgkdG9Veo63jY9pusKtEOvRAs7G/2mXXKdTTcH/U08Z9DdEhmi3LRf/VbM0xAi5JJpXffcBBsZUyi4hH7RTzUkjHfZBdQNjVgIupENzunTNaO0aDtWpiKkA/XrRsZCrXthYCZDhh3908vFv7x6iu3dRiaiJEWI+MdD7VRSjGmeDW0JBRxlzxDGlTB/pbzDFONoEiyaED4vpf+T803HMxGebpX2D4ZxFMgyWSHrxCM7ZJ+ckDKpEE5uyB15II/WrXVvPVnPH6Mj1nBniXyD9fIOHwyZmw==</latexit><latexit sha1_base64="XWTR3Zx3xnmY5pySKKLY92q3Mrg=">AAACDnicdVDLSgNBEJz1GeNr1aOXwSjoZdkVRS+CqKDHCMYEsiHMTjpmyOyDmV41LPkCL/6KFw+KePXszb9xNkbwWdB0UdXNTFeQSKHRdd+skdGx8YnJwlRxemZ2bt5eWDzXcao4VHgsY1ULmAYpIqigQAm1RAELAwnVoHuY+9VLUFrE0Rn2EmiE7CISbcEZGqlpr/kI15it+kcgkdG9Veo63jY9pusKtEOvRAs7G/2mXXKdTTcH/U08Z9DdEhmi3LRf/VbM0xAi5JJpXffcBBsZUyi4hH7RTzUkjHfZBdQNjVgIupENzunTNaO0aDtWpiKkA/XrRsZCrXthYCZDhh3908vFv7x6iu3dRiaiJEWI+MdD7VRSjGmeDW0JBRxlzxDGlTB/pbzDFONoEiyaED4vpf+T803HMxGebpX2D4ZxFMgyWSHrxCM7ZJ+ckDKpEE5uyB15II/WrXVvPVnPH6Mj1nBniXyD9fIOHwyZmw==</latexit>

d = 20ā
<latexit sha1_base64="kO1CWj0nFkKpfk9J60ifKbZTjrE=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ6YIuhGKblxWsA+YDiWTybShmcyQ3BHK0M9w40IRt36NO//GTFvB54GQwzn3cu89YSaFAULenaXlldW19cpGdXNre2e3trffMWmuGW+zVKa6F1LDpVC8DQIk72Wa0ySUvBuOr0q/e8e1Eam6hUnGg4QOlYgFo2AlP7pokH5IdUGng1qduA1SAv8mnjv7SR0t0BrU3vpRyvKEK2CSGuN7JIOgoBoEk3xa7eeGZ5SN6ZD7liqacBMUs5Wn+NgqEY5TbZ8CPFO/dhQ0MWaShLYyoTAyP71S/Mvzc4jPg0KoLAeu2HxQnEsMKS7vx5HQnIGcWEKZFnZXzEZUUwY2paoN4fNS/D/pNFyPuN7Nab15uYijgg7RETpBHjpDTXSNWqiNGErRPXpETw44D86z8zIvXXIWPQfoG5zXD68mkNs=</latexit><latexit sha1_base64="kO1CWj0nFkKpfk9J60ifKbZTjrE=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ6YIuhGKblxWsA+YDiWTybShmcyQ3BHK0M9w40IRt36NO//GTFvB54GQwzn3cu89YSaFAULenaXlldW19cpGdXNre2e3trffMWmuGW+zVKa6F1LDpVC8DQIk72Wa0ySUvBuOr0q/e8e1Eam6hUnGg4QOlYgFo2AlP7pokH5IdUGng1qduA1SAv8mnjv7SR0t0BrU3vpRyvKEK2CSGuN7JIOgoBoEk3xa7eeGZ5SN6ZD7liqacBMUs5Wn+NgqEY5TbZ8CPFO/dhQ0MWaShLYyoTAyP71S/Mvzc4jPg0KoLAeu2HxQnEsMKS7vx5HQnIGcWEKZFnZXzEZUUwY2paoN4fNS/D/pNFyPuN7Nab15uYijgg7RETpBHjpDTXSNWqiNGErRPXpETw44D86z8zIvXXIWPQfoG5zXD68mkNs=</latexit><latexit sha1_base64="kO1CWj0nFkKpfk9J60ifKbZTjrE=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ6YIuhGKblxWsA+YDiWTybShmcyQ3BHK0M9w40IRt36NO//GTFvB54GQwzn3cu89YSaFAULenaXlldW19cpGdXNre2e3trffMWmuGW+zVKa6F1LDpVC8DQIk72Wa0ySUvBuOr0q/e8e1Eam6hUnGg4QOlYgFo2AlP7pokH5IdUGng1qduA1SAv8mnjv7SR0t0BrU3vpRyvKEK2CSGuN7JIOgoBoEk3xa7eeGZ5SN6ZD7liqacBMUs5Wn+NgqEY5TbZ8CPFO/dhQ0MWaShLYyoTAyP71S/Mvzc4jPg0KoLAeu2HxQnEsMKS7vx5HQnIGcWEKZFnZXzEZUUwY2paoN4fNS/D/pNFyPuN7Nab15uYijgg7RETpBHjpDTXSNWqiNGErRPXpETw44D86z8zIvXXIWPQfoG5zXD68mkNs=</latexit><latexit sha1_base64="kO1CWj0nFkKpfk9J60ifKbZTjrE=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ6YIuhGKblxWsA+YDiWTybShmcyQ3BHK0M9w40IRt36NO//GTFvB54GQwzn3cu89YSaFAULenaXlldW19cpGdXNre2e3trffMWmuGW+zVKa6F1LDpVC8DQIk72Wa0ySUvBuOr0q/e8e1Eam6hUnGg4QOlYgFo2AlP7pokH5IdUGng1qduA1SAv8mnjv7SR0t0BrU3vpRyvKEK2CSGuN7JIOgoBoEk3xa7eeGZ5SN6ZD7liqacBMUs5Wn+NgqEY5TbZ8CPFO/dhQ0MWaShLYyoTAyP71S/Mvzc4jPg0KoLAeu2HxQnEsMKS7vx5HQnIGcWEKZFnZXzEZUUwY2paoN4fNS/D/pNFyPuN7Nab15uYijgg7RETpBHjpDTXSNWqiNGErRPXpETw44D86z8zIvXXIWPQfoG5zXD68mkNs=</latexit>

p-wave
<latexit sha1_base64="Pe/MHfZI+u66awRWckg3GNa1PeM=">AAAB+HicdVDJSgNBEO2JW4xLoh69NCaCF4eZIJhjwIvHCGaBJISeTk3SpGehuyYah3yJFw+KePVTvPk3dhbB9UFRj/eq6OrnxVJodJx3K7Oyura+kd3MbW3v7OYLe/sNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9EYXM785BqVFFF7jJIZuwAah8AVnaKReId9BuMW0FJdOb9gYpr1C0bHLzgz0N3HteXeKZIlar/DW6Uc8CSBELpnWbdeJsZsyhYJLmOY6iYaY8REbQNvQkAWgu+n88Ck9Nkqf+pEyFSKdq183UhZoPQk8MxkwHOqf3kz8y2sn6Fe6qQjjBCHki4f8RFKM6CwF2hcKOMqJIYwrYW6lfMgU42iyypkQPn9K/yeNsu06tnt1VqxWlnFkySE5IifEJeekSi5JjdQJJwm5J4/kybqzHqxn62UxmrGWOwfkG6zXD3vFku4=</latexit><latexit sha1_base64="Pe/MHfZI+u66awRWckg3GNa1PeM=">AAAB+HicdVDJSgNBEO2JW4xLoh69NCaCF4eZIJhjwIvHCGaBJISeTk3SpGehuyYah3yJFw+KePVTvPk3dhbB9UFRj/eq6OrnxVJodJx3K7Oyura+kd3MbW3v7OYLe/sNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9EYXM785BqVFFF7jJIZuwAah8AVnaKReId9BuMW0FJdOb9gYpr1C0bHLzgz0N3HteXeKZIlar/DW6Uc8CSBELpnWbdeJsZsyhYJLmOY6iYaY8REbQNvQkAWgu+n88Ck9Nkqf+pEyFSKdq183UhZoPQk8MxkwHOqf3kz8y2sn6Fe6qQjjBCHki4f8RFKM6CwF2hcKOMqJIYwrYW6lfMgU42iyypkQPn9K/yeNsu06tnt1VqxWlnFkySE5IifEJeekSi5JjdQJJwm5J4/kybqzHqxn62UxmrGWOwfkG6zXD3vFku4=</latexit><latexit sha1_base64="Pe/MHfZI+u66awRWckg3GNa1PeM=">AAAB+HicdVDJSgNBEO2JW4xLoh69NCaCF4eZIJhjwIvHCGaBJISeTk3SpGehuyYah3yJFw+KePVTvPk3dhbB9UFRj/eq6OrnxVJodJx3K7Oyura+kd3MbW3v7OYLe/sNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9EYXM785BqVFFF7jJIZuwAah8AVnaKReId9BuMW0FJdOb9gYpr1C0bHLzgz0N3HteXeKZIlar/DW6Uc8CSBELpnWbdeJsZsyhYJLmOY6iYaY8REbQNvQkAWgu+n88Ck9Nkqf+pEyFSKdq183UhZoPQk8MxkwHOqf3kz8y2sn6Fe6qQjjBCHki4f8RFKM6CwF2hcKOMqJIYwrYW6lfMgU42iyypkQPn9K/yeNsu06tnt1VqxWlnFkySE5IifEJeekSi5JjdQJJwm5J4/kybqzHqxn62UxmrGWOwfkG6zXD3vFku4=</latexit><latexit sha1_base64="Pe/MHfZI+u66awRWckg3GNa1PeM=">AAAB+HicdVDJSgNBEO2JW4xLoh69NCaCF4eZIJhjwIvHCGaBJISeTk3SpGehuyYah3yJFw+KePVTvPk3dhbB9UFRj/eq6OrnxVJodJx3K7Oyura+kd3MbW3v7OYLe/sNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9EYXM785BqVFFF7jJIZuwAah8AVnaKReId9BuMW0FJdOb9gYpr1C0bHLzgz0N3HteXeKZIlar/DW6Uc8CSBELpnWbdeJsZsyhYJLmOY6iYaY8REbQNvQkAWgu+n88Ck9Nkqf+pEyFSKdq183UhZoPQk8MxkwHOqf3kz8y2sn6Fe6qQjjBCHki4f8RFKM6CwF2hcKOMqJIYwrYW6lfMgU42iyypkQPn9K/yeNsu06tnt1VqxWlnFkySE5IifEJeekSi5JjdQJJwm5J4/kybqzHqxn62UxmrGWOwfkG6zXD3vFku4=</latexit>



Long-range interactions: Do they help?

◉ T. Wasak, K. Jachymski, T. Calarco, AN, PRA 97, 052701 (2018)

Long-range interactions imply contribution from higher partial-waves
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p-wave
<latexit sha1_base64="Pe/MHfZI+u66awRWckg3GNa1PeM=">AAAB+HicdVDJSgNBEO2JW4xLoh69NCaCF4eZIJhjwIvHCGaBJISeTk3SpGehuyYah3yJFw+KePVTvPk3dhbB9UFRj/eq6OrnxVJodJx3K7Oyura+kd3MbW3v7OYLe/sNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9EYXM785BqVFFF7jJIZuwAah8AVnaKReId9BuMW0FJdOb9gYpr1C0bHLzgz0N3HteXeKZIlar/DW6Uc8CSBELpnWbdeJsZsyhYJLmOY6iYaY8REbQNvQkAWgu+n88Ck9Nkqf+pEyFSKdq183UhZoPQk8MxkwHOqf3kz8y2sn6Fe6qQjjBCHki4f8RFKM6CwF2hcKOMqJIYwrYW6lfMgU42iyypkQPn9K/yeNsu06tnt1VqxWlnFkySE5IifEJeekSi5JjdQJJwm5J4/kybqzHqxn62UxmrGWOwfkG6zXD3vFku4=</latexit><latexit sha1_base64="Pe/MHfZI+u66awRWckg3GNa1PeM=">AAAB+HicdVDJSgNBEO2JW4xLoh69NCaCF4eZIJhjwIvHCGaBJISeTk3SpGehuyYah3yJFw+KePVTvPk3dhbB9UFRj/eq6OrnxVJodJx3K7Oyura+kd3MbW3v7OYLe/sNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9EYXM785BqVFFF7jJIZuwAah8AVnaKReId9BuMW0FJdOb9gYpr1C0bHLzgz0N3HteXeKZIlar/DW6Uc8CSBELpnWbdeJsZsyhYJLmOY6iYaY8REbQNvQkAWgu+n88Ck9Nkqf+pEyFSKdq183UhZoPQk8MxkwHOqf3kz8y2sn6Fe6qQjjBCHki4f8RFKM6CwF2hcKOMqJIYwrYW6lfMgU42iyypkQPn9K/yeNsu06tnt1VqxWlnFkySE5IifEJeekSi5JjdQJJwm5J4/kybqzHqxn62UxmrGWOwfkG6zXD3vFku4=</latexit><latexit sha1_base64="Pe/MHfZI+u66awRWckg3GNa1PeM=">AAAB+HicdVDJSgNBEO2JW4xLoh69NCaCF4eZIJhjwIvHCGaBJISeTk3SpGehuyYah3yJFw+KePVTvPk3dhbB9UFRj/eq6OrnxVJodJx3K7Oyura+kd3MbW3v7OYLe/sNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9EYXM785BqVFFF7jJIZuwAah8AVnaKReId9BuMW0FJdOb9gYpr1C0bHLzgz0N3HteXeKZIlar/DW6Uc8CSBELpnWbdeJsZsyhYJLmOY6iYaY8REbQNvQkAWgu+n88Ck9Nkqf+pEyFSKdq183UhZoPQk8MxkwHOqf3kz8y2sn6Fe6qQjjBCHki4f8RFKM6CwF2hcKOMqJIYwrYW6lfMgU42iyypkQPn9K/yeNsu06tnt1VqxWlnFkySE5IifEJeekSi5JjdQJJwm5J4/kybqzHqxn62UxmrGWOwfkG6zXD3vFku4=</latexit><latexit sha1_base64="Pe/MHfZI+u66awRWckg3GNa1PeM=">AAAB+HicdVDJSgNBEO2JW4xLoh69NCaCF4eZIJhjwIvHCGaBJISeTk3SpGehuyYah3yJFw+KePVTvPk3dhbB9UFRj/eq6OrnxVJodJx3K7Oyura+kd3MbW3v7OYLe/sNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9EYXM785BqVFFF7jJIZuwAah8AVnaKReId9BuMW0FJdOb9gYpr1C0bHLzgz0N3HteXeKZIlar/DW6Uc8CSBELpnWbdeJsZsyhYJLmOY6iYaY8REbQNvQkAWgu+n88Ck9Nkqf+pEyFSKdq183UhZoPQk8MxkwHOqf3kz8y2sn6Fe6qQjjBCHki4f8RFKM6CwF2hcKOMqJIYwrYW6lfMgU42iyypkQPn9K/yeNsu06tnt1VqxWlnFkySE5IifEJeekSi5JjdQJJwm5J4/kybqzHqxn62UxmrGWOwfkG6zXD3vFku4=</latexit>

s-wave
<latexit sha1_base64="F3/Yvr3HGehi3lcmJOGlKoJ2fyg=">AAAB+HicdVDJSgNBEO2JW4xLoh69NCaCF4eZIJhjwIvHCGaBJISeTk3SpGehuyYah3yJFw+KePVTvPk3dhbB9UFRj/eq6OrnxVJodJx3K7Oyura+kd3MbW3v7OYLe/sNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9EYXM785BqVFFF7jJIZuwAah8AVnaKReId9BuMW0pEunN2wM016h6NhlZwb6m7j2vDtFskStV3jr9COeBBAil0zrtuvE2E2ZQsElTHOdREPM+IgNoG1oyALQ3XR++JQeG6VP/UiZCpHO1a8bKQu0ngSemQwYDvVPbyb+5bUT9CvdVIRxghDyxUN+IilGdJYC7QsFHOXEEMaVMLdSPmSKcTRZ5UwInz+l/5NG2XYd2706K1Yryziy5JAckRPiknNSJZekRuqEk4Tck0fyZN1ZD9az9bIYzVjLnQPyDdbrB4BmkvE=</latexit><latexit sha1_base64="F3/Yvr3HGehi3lcmJOGlKoJ2fyg=">AAAB+HicdVDJSgNBEO2JW4xLoh69NCaCF4eZIJhjwIvHCGaBJISeTk3SpGehuyYah3yJFw+KePVTvPk3dhbB9UFRj/eq6OrnxVJodJx3K7Oyura+kd3MbW3v7OYLe/sNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9EYXM785BqVFFF7jJIZuwAah8AVnaKReId9BuMW0pEunN2wM016h6NhlZwb6m7j2vDtFskStV3jr9COeBBAil0zrtuvE2E2ZQsElTHOdREPM+IgNoG1oyALQ3XR++JQeG6VP/UiZCpHO1a8bKQu0ngSemQwYDvVPbyb+5bUT9CvdVIRxghDyxUN+IilGdJYC7QsFHOXEEMaVMLdSPmSKcTRZ5UwInz+l/5NG2XYd2706K1Yryziy5JAckRPiknNSJZekRuqEk4Tck0fyZN1ZD9az9bIYzVjLnQPyDdbrB4BmkvE=</latexit><latexit sha1_base64="F3/Yvr3HGehi3lcmJOGlKoJ2fyg=">AAAB+HicdVDJSgNBEO2JW4xLoh69NCaCF4eZIJhjwIvHCGaBJISeTk3SpGehuyYah3yJFw+KePVTvPk3dhbB9UFRj/eq6OrnxVJodJx3K7Oyura+kd3MbW3v7OYLe/sNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9EYXM785BqVFFF7jJIZuwAah8AVnaKReId9BuMW0pEunN2wM016h6NhlZwb6m7j2vDtFskStV3jr9COeBBAil0zrtuvE2E2ZQsElTHOdREPM+IgNoG1oyALQ3XR++JQeG6VP/UiZCpHO1a8bKQu0ngSemQwYDvVPbyb+5bUT9CvdVIRxghDyxUN+IilGdJYC7QsFHOXEEMaVMLdSPmSKcTRZ5UwInz+l/5NG2XYd2706K1Yryziy5JAckRPiknNSJZekRuqEk4Tck0fyZN1ZD9az9bIYzVjLnQPyDdbrB4BmkvE=</latexit><latexit sha1_base64="F3/Yvr3HGehi3lcmJOGlKoJ2fyg=">AAAB+HicdVDJSgNBEO2JW4xLoh69NCaCF4eZIJhjwIvHCGaBJISeTk3SpGehuyYah3yJFw+KePVTvPk3dhbB9UFRj/eq6OrnxVJodJx3K7Oyura+kd3MbW3v7OYLe/sNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9EYXM785BqVFFF7jJIZuwAah8AVnaKReId9BuMW0pEunN2wM016h6NhlZwb6m7j2vDtFskStV3jr9COeBBAil0zrtuvE2E2ZQsElTHOdREPM+IgNoG1oyALQ3XR++JQeG6VP/UiZCpHO1a8bKQu0ngSemQwYDvVPbyb+5bUT9CvdVIRxghDyxUN+IilGdJYC7QsFHOXEEMaVMLdSPmSKcTRZ5UwInz+l/5NG2XYd2706K1Yryziy5JAckRPiknNSJZekRuqEk4Tck0fyZN1ZD9az9bIYzVjLnQPyDdbrB4BmkvE=</latexit>

pā = 0.001
<latexit sha1_base64="zhxOdIisQTdoOyBV432lh3Uuocs=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqiRF7HQhFNy4rGAf0I4lk6ZtaOZBklHK0P9w40IRt/6LO//GTFtBRQ9c7uGce8nN8WMptMH4w8mtrK6tb+Q3C1vbO7t7xf2Dlo4SxXiTRTJSHZ9qLkXIm0YYyTux4jTwJW/7k8vMb99xpUUU3phpzL2AjkIxFIwaK93GPZ+qlM4ucBlj0i+Wso4JIWguVM+xJbWaWyEuIpllUYIlGv3ie28QsSTgoWGSat0lODZeSpURTPJZoZdoHlM2oSPetTSkAddeOr96hk6sMkDDSNkKDZqr3zdSGmg9DXw7GVAz1r+9TPzL6yZm6HqpCOPE8JAtHhomEpkIZRGggVCcGTm1hDIl7K2IjamizNigCjaEr5+i/0mrUia4TK7PSnV3GUcejuAYToFAFepwBQ1oAgMFD/AEz8698+i8OK+L0Zyz3DmEH3DePgFYlpG4</latexit><latexit sha1_base64="zhxOdIisQTdoOyBV432lh3Uuocs=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqiRF7HQhFNy4rGAf0I4lk6ZtaOZBklHK0P9w40IRt/6LO//GTFtBRQ9c7uGce8nN8WMptMH4w8mtrK6tb+Q3C1vbO7t7xf2Dlo4SxXiTRTJSHZ9qLkXIm0YYyTux4jTwJW/7k8vMb99xpUUU3phpzL2AjkIxFIwaK93GPZ+qlM4ucBlj0i+Wso4JIWguVM+xJbWaWyEuIpllUYIlGv3ie28QsSTgoWGSat0lODZeSpURTPJZoZdoHlM2oSPetTSkAddeOr96hk6sMkDDSNkKDZqr3zdSGmg9DXw7GVAz1r+9TPzL6yZm6HqpCOPE8JAtHhomEpkIZRGggVCcGTm1hDIl7K2IjamizNigCjaEr5+i/0mrUia4TK7PSnV3GUcejuAYToFAFepwBQ1oAgMFD/AEz8698+i8OK+L0Zyz3DmEH3DePgFYlpG4</latexit><latexit sha1_base64="zhxOdIisQTdoOyBV432lh3Uuocs=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqiRF7HQhFNy4rGAf0I4lk6ZtaOZBklHK0P9w40IRt/6LO//GTFtBRQ9c7uGce8nN8WMptMH4w8mtrK6tb+Q3C1vbO7t7xf2Dlo4SxXiTRTJSHZ9qLkXIm0YYyTux4jTwJW/7k8vMb99xpUUU3phpzL2AjkIxFIwaK93GPZ+qlM4ucBlj0i+Wso4JIWguVM+xJbWaWyEuIpllUYIlGv3ie28QsSTgoWGSat0lODZeSpURTPJZoZdoHlM2oSPetTSkAddeOr96hk6sMkDDSNkKDZqr3zdSGmg9DXw7GVAz1r+9TPzL6yZm6HqpCOPE8JAtHhomEpkIZRGggVCcGTm1hDIl7K2IjamizNigCjaEr5+i/0mrUia4TK7PSnV3GUcejuAYToFAFepwBQ1oAgMFD/AEz8698+i8OK+L0Zyz3DmEH3DePgFYlpG4</latexit><latexit sha1_base64="zhxOdIisQTdoOyBV432lh3Uuocs=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqiRF7HQhFNy4rGAf0I4lk6ZtaOZBklHK0P9w40IRt/6LO//GTFtBRQ9c7uGce8nN8WMptMH4w8mtrK6tb+Q3C1vbO7t7xf2Dlo4SxXiTRTJSHZ9qLkXIm0YYyTux4jTwJW/7k8vMb99xpUUU3phpzL2AjkIxFIwaK93GPZ+qlM4ucBlj0i+Wso4JIWguVM+xJbWaWyEuIpllUYIlGv3ie28QsSTgoWGSat0lODZeSpURTPJZoZdoHlM2oSPetTSkAddeOr96hk6sMkDDSNkKDZqr3zdSGmg9DXw7GVAz1r+9TPzL6yZm6HqpCOPE8JAtHhomEpkIZRGggVCcGTm1hDIl7K2IjamizNigCjaEr5+i/0mrUia4TK7PSnV3GUcejuAYToFAFepwBQ1oAgMFD/AEz8698+i8OK+L0Zyz3DmEH3DePgFYlpG4</latexit>

pā = 0.01
<latexit sha1_base64="PpNMDELAj3Du9CKOfwwV521v2zM=">AAAB9HicdVDJSgNBEK1xjXGLevTSGARPQ08QzEUIePEYwSyQDKGm00ma9Cx29wTCkO/w4kERr36MN//GniSC64OiHu9V0dUvSKTQhtJ3Z2V1bX1js7BV3N7Z3dsvHRw2dZwqxhsslrFqB6i5FBFvGGEkbyeKYxhI3grGV7nfmnClRRzdmmnC/RCHkRgIhsZKftINUGU4u6Qu9XqlMnUrNAf5TTx33mkZlqj3Sm/dfszSkEeGSdS649HE+BkqI5jks2I31TxBNsYh71gaYci1n82PnpFTq/TJIFa2IkPm6teNDEOtp2FgJ0M0I/3Ty8W/vE5qBlU/E1GSGh6xxUODVBITkzwB0heKMyOnliBTwt5K2AgVMmNzKtoQPn9K/ifNiutR17s5L9eqyzgKcAwncAYeXEANrqEODWBwB/fwCE/OxHlwnp2XxeiKs9w5gm9wXj8Aoj6RTg==</latexit><latexit sha1_base64="PpNMDELAj3Du9CKOfwwV521v2zM=">AAAB9HicdVDJSgNBEK1xjXGLevTSGARPQ08QzEUIePEYwSyQDKGm00ma9Cx29wTCkO/w4kERr36MN//GniSC64OiHu9V0dUvSKTQhtJ3Z2V1bX1js7BV3N7Z3dsvHRw2dZwqxhsslrFqB6i5FBFvGGEkbyeKYxhI3grGV7nfmnClRRzdmmnC/RCHkRgIhsZKftINUGU4u6Qu9XqlMnUrNAf5TTx33mkZlqj3Sm/dfszSkEeGSdS649HE+BkqI5jks2I31TxBNsYh71gaYci1n82PnpFTq/TJIFa2IkPm6teNDEOtp2FgJ0M0I/3Ty8W/vE5qBlU/E1GSGh6xxUODVBITkzwB0heKMyOnliBTwt5K2AgVMmNzKtoQPn9K/ifNiutR17s5L9eqyzgKcAwncAYeXEANrqEODWBwB/fwCE/OxHlwnp2XxeiKs9w5gm9wXj8Aoj6RTg==</latexit><latexit sha1_base64="PpNMDELAj3Du9CKOfwwV521v2zM=">AAAB9HicdVDJSgNBEK1xjXGLevTSGARPQ08QzEUIePEYwSyQDKGm00ma9Cx29wTCkO/w4kERr36MN//GniSC64OiHu9V0dUvSKTQhtJ3Z2V1bX1js7BV3N7Z3dsvHRw2dZwqxhsslrFqB6i5FBFvGGEkbyeKYxhI3grGV7nfmnClRRzdmmnC/RCHkRgIhsZKftINUGU4u6Qu9XqlMnUrNAf5TTx33mkZlqj3Sm/dfszSkEeGSdS649HE+BkqI5jks2I31TxBNsYh71gaYci1n82PnpFTq/TJIFa2IkPm6teNDEOtp2FgJ0M0I/3Ty8W/vE5qBlU/E1GSGh6xxUODVBITkzwB0heKMyOnliBTwt5K2AgVMmNzKtoQPn9K/ifNiutR17s5L9eqyzgKcAwncAYeXEANrqEODWBwB/fwCE/OxHlwnp2XxeiKs9w5gm9wXj8Aoj6RTg==</latexit><latexit sha1_base64="PpNMDELAj3Du9CKOfwwV521v2zM=">AAAB9HicdVDJSgNBEK1xjXGLevTSGARPQ08QzEUIePEYwSyQDKGm00ma9Cx29wTCkO/w4kERr36MN//GniSC64OiHu9V0dUvSKTQhtJ3Z2V1bX1js7BV3N7Z3dsvHRw2dZwqxhsslrFqB6i5FBFvGGEkbyeKYxhI3grGV7nfmnClRRzdmmnC/RCHkRgIhsZKftINUGU4u6Qu9XqlMnUrNAf5TTx33mkZlqj3Sm/dfszSkEeGSdS649HE+BkqI5jks2I31TxBNsYh71gaYci1n82PnpFTq/TJIFa2IkPm6teNDEOtp2FgJ0M0I/3Ty8W/vE5qBlU/E1GSGh6xxUODVBITkzwB0heKMyOnliBTwt5K2AgVMmNzKtoQPn9K/ifNiutR17s5L9eqyzgKcAwncAYeXEANrqEODWBwB/fwCE/OxHlwnp2XxeiKs9w5gm9wXj8Aoj6RTg==</latexit>

pā = 0.01
<latexit sha1_base64="PpNMDELAj3Du9CKOfwwV521v2zM=">AAAB9HicdVDJSgNBEK1xjXGLevTSGARPQ08QzEUIePEYwSyQDKGm00ma9Cx29wTCkO/w4kERr36MN//GniSC64OiHu9V0dUvSKTQhtJ3Z2V1bX1js7BV3N7Z3dsvHRw2dZwqxhsslrFqB6i5FBFvGGEkbyeKYxhI3grGV7nfmnClRRzdmmnC/RCHkRgIhsZKftINUGU4u6Qu9XqlMnUrNAf5TTx33mkZlqj3Sm/dfszSkEeGSdS649HE+BkqI5jks2I31TxBNsYh71gaYci1n82PnpFTq/TJIFa2IkPm6teNDEOtp2FgJ0M0I/3Ty8W/vE5qBlU/E1GSGh6xxUODVBITkzwB0heKMyOnliBTwt5K2AgVMmNzKtoQPn9K/ifNiutR17s5L9eqyzgKcAwncAYeXEANrqEODWBwB/fwCE/OxHlwnp2XxeiKs9w5gm9wXj8Aoj6RTg==</latexit><latexit sha1_base64="PpNMDELAj3Du9CKOfwwV521v2zM=">AAAB9HicdVDJSgNBEK1xjXGLevTSGARPQ08QzEUIePEYwSyQDKGm00ma9Cx29wTCkO/w4kERr36MN//GniSC64OiHu9V0dUvSKTQhtJ3Z2V1bX1js7BV3N7Z3dsvHRw2dZwqxhsslrFqB6i5FBFvGGEkbyeKYxhI3grGV7nfmnClRRzdmmnC/RCHkRgIhsZKftINUGU4u6Qu9XqlMnUrNAf5TTx33mkZlqj3Sm/dfszSkEeGSdS649HE+BkqI5jks2I31TxBNsYh71gaYci1n82PnpFTq/TJIFa2IkPm6teNDEOtp2FgJ0M0I/3Ty8W/vE5qBlU/E1GSGh6xxUODVBITkzwB0heKMyOnliBTwt5K2AgVMmNzKtoQPn9K/ifNiutR17s5L9eqyzgKcAwncAYeXEANrqEODWBwB/fwCE/OxHlwnp2XxeiKs9w5gm9wXj8Aoj6RTg==</latexit><latexit sha1_base64="PpNMDELAj3Du9CKOfwwV521v2zM=">AAAB9HicdVDJSgNBEK1xjXGLevTSGARPQ08QzEUIePEYwSyQDKGm00ma9Cx29wTCkO/w4kERr36MN//GniSC64OiHu9V0dUvSKTQhtJ3Z2V1bX1js7BV3N7Z3dsvHRw2dZwqxhsslrFqB6i5FBFvGGEkbyeKYxhI3grGV7nfmnClRRzdmmnC/RCHkRgIhsZKftINUGU4u6Qu9XqlMnUrNAf5TTx33mkZlqj3Sm/dfszSkEeGSdS649HE+BkqI5jks2I31TxBNsYh71gaYci1n82PnpFTq/TJIFa2IkPm6teNDEOtp2FgJ0M0I/3Ty8W/vE5qBlU/E1GSGh6xxUODVBITkzwB0heKMyOnliBTwt5K2AgVMmNzKtoQPn9K/ifNiutR17s5L9eqyzgKcAwncAYeXEANrqEODWBwB/fwCE/OxHlwnp2XxeiKs9w5gm9wXj8Aoj6RTg==</latexit><latexit sha1_base64="PpNMDELAj3Du9CKOfwwV521v2zM=">AAAB9HicdVDJSgNBEK1xjXGLevTSGARPQ08QzEUIePEYwSyQDKGm00ma9Cx29wTCkO/w4kERr36MN//GniSC64OiHu9V0dUvSKTQhtJ3Z2V1bX1js7BV3N7Z3dsvHRw2dZwqxhsslrFqB6i5FBFvGGEkbyeKYxhI3grGV7nfmnClRRzdmmnC/RCHkRgIhsZKftINUGU4u6Qu9XqlMnUrNAf5TTx33mkZlqj3Sm/dfszSkEeGSdS649HE+BkqI5jks2I31TxBNsYh71gaYci1n82PnpFTq/TJIFa2IkPm6teNDEOtp2FgJ0M0I/3Ty8W/vE5qBlU/E1GSGh6xxUODVBITkzwB0heKMyOnliBTwt5K2AgVMmNzKtoQPn9K/ifNiutR17s5L9eqyzgKcAwncAYeXEANrqEODWBwB/fwCE/OxHlwnp2XxeiKs9w5gm9wXj8Aoj6RTg==</latexit>

pā = 0.001
<latexit sha1_base64="zhxOdIisQTdoOyBV432lh3Uuocs=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqiRF7HQhFNy4rGAf0I4lk6ZtaOZBklHK0P9w40IRt/6LO//GTFtBRQ9c7uGce8nN8WMptMH4w8mtrK6tb+Q3C1vbO7t7xf2Dlo4SxXiTRTJSHZ9qLkXIm0YYyTux4jTwJW/7k8vMb99xpUUU3phpzL2AjkIxFIwaK93GPZ+qlM4ucBlj0i+Wso4JIWguVM+xJbWaWyEuIpllUYIlGv3ie28QsSTgoWGSat0lODZeSpURTPJZoZdoHlM2oSPetTSkAddeOr96hk6sMkDDSNkKDZqr3zdSGmg9DXw7GVAz1r+9TPzL6yZm6HqpCOPE8JAtHhomEpkIZRGggVCcGTm1hDIl7K2IjamizNigCjaEr5+i/0mrUia4TK7PSnV3GUcejuAYToFAFepwBQ1oAgMFD/AEz8698+i8OK+L0Zyz3DmEH3DePgFYlpG4</latexit><latexit sha1_base64="zhxOdIisQTdoOyBV432lh3Uuocs=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqiRF7HQhFNy4rGAf0I4lk6ZtaOZBklHK0P9w40IRt/6LO//GTFtBRQ9c7uGce8nN8WMptMH4w8mtrK6tb+Q3C1vbO7t7xf2Dlo4SxXiTRTJSHZ9qLkXIm0YYyTux4jTwJW/7k8vMb99xpUUU3phpzL2AjkIxFIwaK93GPZ+qlM4ucBlj0i+Wso4JIWguVM+xJbWaWyEuIpllUYIlGv3ie28QsSTgoWGSat0lODZeSpURTPJZoZdoHlM2oSPetTSkAddeOr96hk6sMkDDSNkKDZqr3zdSGmg9DXw7GVAz1r+9TPzL6yZm6HqpCOPE8JAtHhomEpkIZRGggVCcGTm1hDIl7K2IjamizNigCjaEr5+i/0mrUia4TK7PSnV3GUcejuAYToFAFepwBQ1oAgMFD/AEz8698+i8OK+L0Zyz3DmEH3DePgFYlpG4</latexit><latexit sha1_base64="zhxOdIisQTdoOyBV432lh3Uuocs=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqiRF7HQhFNy4rGAf0I4lk6ZtaOZBklHK0P9w40IRt/6LO//GTFtBRQ9c7uGce8nN8WMptMH4w8mtrK6tb+Q3C1vbO7t7xf2Dlo4SxXiTRTJSHZ9qLkXIm0YYyTux4jTwJW/7k8vMb99xpUUU3phpzL2AjkIxFIwaK93GPZ+qlM4ucBlj0i+Wso4JIWguVM+xJbWaWyEuIpllUYIlGv3ie28QsSTgoWGSat0lODZeSpURTPJZoZdoHlM2oSPetTSkAddeOr96hk6sMkDDSNkKDZqr3zdSGmg9DXw7GVAz1r+9TPzL6yZm6HqpCOPE8JAtHhomEpkIZRGggVCcGTm1hDIl7K2IjamizNigCjaEr5+i/0mrUia4TK7PSnV3GUcejuAYToFAFepwBQ1oAgMFD/AEz8698+i8OK+L0Zyz3DmEH3DePgFYlpG4</latexit><latexit sha1_base64="zhxOdIisQTdoOyBV432lh3Uuocs=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqiRF7HQhFNy4rGAf0I4lk6ZtaOZBklHK0P9w40IRt/6LO//GTFtBRQ9c7uGce8nN8WMptMH4w8mtrK6tb+Q3C1vbO7t7xf2Dlo4SxXiTRTJSHZ9qLkXIm0YYyTux4jTwJW/7k8vMb99xpUUU3phpzL2AjkIxFIwaK93GPZ+qlM4ucBlj0i+Wso4JIWguVM+xJbWaWyEuIpllUYIlGv3ie28QsSTgoWGSat0lODZeSpURTPJZoZdoHlM2oSPetTSkAddeOr96hk6sMkDDSNkKDZqr3zdSGmg9DXw7GVAz1r+9TPzL6yZm6HqpCOPE8JAtHhomEpkIZRGggVCcGTm1hDIl7K2IjamizNigCjaEr5+i/0mrUia4TK7PSnV3GUcejuAYToFAFepwBQ1oAgMFD/AEz8698+i8OK+L0Zyz3DmEH3DePgFYlpG4</latexit>

For Cs-Cs ā = 95.5 a0
<latexit sha1_base64="AdSV7L/pc0ViOhEH1SEq9qd7UKA=">AAACD3icdVDLSgNBEJyN7/iKevQymCheXHZFUQ+CEBCPCsYI2SX0TmaTIbMPZnrFsOQPvPgrXjwo4tWrN//GSYzgsy5dVHXT3RWkUmh0nDerMDY+MTk1PVOcnZtfWCwtLV/oJFOM11giE3UZgOZSxLyGAiW/TBWHKJC8HnSrA79+xZUWSXyOvZT7EbRjEQoGaKRmacNDfo35caJoVW9VNa14ASgKFXpID3btXVqBplPpN0tlx952BqC/iWsPq1MmI5w2S69eK2FZxGNkErRuuE6Kfg4KBZO8X/QyzVNgXWjzhqExRFz7+fCfPl03SouG5qYwiZEO1a8TOURa96LAdEaAHf3TG4h/eY0Mw30/F3GaIY/Zx6IwkxQTOgiHtoTiDGXPEGBKmFsp64AChibCognh81P6P7nYtl3Hds92ykf7ozimySpZI5vEJXvkiJyQU1IjjNyQO/JAHq1b6956sp4/WgvWaGaFfIP18g7C8pk8</latexit><latexit sha1_base64="AdSV7L/pc0ViOhEH1SEq9qd7UKA=">AAACD3icdVDLSgNBEJyN7/iKevQymCheXHZFUQ+CEBCPCsYI2SX0TmaTIbMPZnrFsOQPvPgrXjwo4tWrN//GSYzgsy5dVHXT3RWkUmh0nDerMDY+MTk1PVOcnZtfWCwtLV/oJFOM11giE3UZgOZSxLyGAiW/TBWHKJC8HnSrA79+xZUWSXyOvZT7EbRjEQoGaKRmacNDfo35caJoVW9VNa14ASgKFXpID3btXVqBplPpN0tlx952BqC/iWsPq1MmI5w2S69eK2FZxGNkErRuuE6Kfg4KBZO8X/QyzVNgXWjzhqExRFz7+fCfPl03SouG5qYwiZEO1a8TOURa96LAdEaAHf3TG4h/eY0Mw30/F3GaIY/Zx6IwkxQTOgiHtoTiDGXPEGBKmFsp64AChibCognh81P6P7nYtl3Hds92ykf7ozimySpZI5vEJXvkiJyQU1IjjNyQO/JAHq1b6956sp4/WgvWaGaFfIP18g7C8pk8</latexit><latexit sha1_base64="AdSV7L/pc0ViOhEH1SEq9qd7UKA=">AAACD3icdVDLSgNBEJyN7/iKevQymCheXHZFUQ+CEBCPCsYI2SX0TmaTIbMPZnrFsOQPvPgrXjwo4tWrN//GSYzgsy5dVHXT3RWkUmh0nDerMDY+MTk1PVOcnZtfWCwtLV/oJFOM11giE3UZgOZSxLyGAiW/TBWHKJC8HnSrA79+xZUWSXyOvZT7EbRjEQoGaKRmacNDfo35caJoVW9VNa14ASgKFXpID3btXVqBplPpN0tlx952BqC/iWsPq1MmI5w2S69eK2FZxGNkErRuuE6Kfg4KBZO8X/QyzVNgXWjzhqExRFz7+fCfPl03SouG5qYwiZEO1a8TOURa96LAdEaAHf3TG4h/eY0Mw30/F3GaIY/Zx6IwkxQTOgiHtoTiDGXPEGBKmFsp64AChibCognh81P6P7nYtl3Hds92ykf7ozimySpZI5vEJXvkiJyQU1IjjNyQO/JAHq1b6956sp4/WgvWaGaFfIP18g7C8pk8</latexit><latexit sha1_base64="AdSV7L/pc0ViOhEH1SEq9qd7UKA=">AAACD3icdVDLSgNBEJyN7/iKevQymCheXHZFUQ+CEBCPCsYI2SX0TmaTIbMPZnrFsOQPvPgrXjwo4tWrN//GSYzgsy5dVHXT3RWkUmh0nDerMDY+MTk1PVOcnZtfWCwtLV/oJFOM11giE3UZgOZSxLyGAiW/TBWHKJC8HnSrA79+xZUWSXyOvZT7EbRjEQoGaKRmacNDfo35caJoVW9VNa14ASgKFXpID3btXVqBplPpN0tlx952BqC/iWsPq1MmI5w2S69eK2FZxGNkErRuuE6Kfg4KBZO8X/QyzVNgXWjzhqExRFz7+fCfPl03SouG5qYwiZEO1a8TOURa96LAdEaAHf3TG4h/eY0Mw30/F3GaIY/Zx6IwkxQTOgiHtoTiDGXPEGBKmFsp64AChibCognh81P6P7nYtl3Hds92ykf7ozimySpZI5vEJXvkiJyQU1IjjNyQO/JAHq1b6956sp4/WgvWaGaFfIP18g7C8pk8</latexit>

Conclusion: 
Long-range interactions 
provide narrower resonances 
yielding higher sensitivity, BUT 
harder to resolve

Na + 40Ca+

Many broad and narrow 

� = 0.15 G (res. width)
<latexit sha1_base64="XWTR3Zx3xnmY5pySKKLY92q3Mrg=">AAACDnicdVDLSgNBEJz1GeNr1aOXwSjoZdkVRS+CqKDHCMYEsiHMTjpmyOyDmV41LPkCL/6KFw+KePXszb9xNkbwWdB0UdXNTFeQSKHRdd+skdGx8YnJwlRxemZ2bt5eWDzXcao4VHgsY1ULmAYpIqigQAm1RAELAwnVoHuY+9VLUFrE0Rn2EmiE7CISbcEZGqlpr/kI15it+kcgkdG9Veo63jY9pusKtEOvRAs7G/2mXXKdTTcH/U08Z9DdEhmi3LRf/VbM0xAi5JJpXffcBBsZUyi4hH7RTzUkjHfZBdQNjVgIupENzunTNaO0aDtWpiKkA/XrRsZCrXthYCZDhh3908vFv7x6iu3dRiaiJEWI+MdD7VRSjGmeDW0JBRxlzxDGlTB/pbzDFONoEiyaED4vpf+T803HMxGebpX2D4ZxFMgyWSHrxCM7ZJ+ckDKpEE5uyB15II/WrXVvPVnPH6Mj1nBniXyD9fIOHwyZmw==</latexit><latexit sha1_base64="XWTR3Zx3xnmY5pySKKLY92q3Mrg=">AAACDnicdVDLSgNBEJz1GeNr1aOXwSjoZdkVRS+CqKDHCMYEsiHMTjpmyOyDmV41LPkCL/6KFw+KePXszb9xNkbwWdB0UdXNTFeQSKHRdd+skdGx8YnJwlRxemZ2bt5eWDzXcao4VHgsY1ULmAYpIqigQAm1RAELAwnVoHuY+9VLUFrE0Rn2EmiE7CISbcEZGqlpr/kI15it+kcgkdG9Veo63jY9pusKtEOvRAs7G/2mXXKdTTcH/U08Z9DdEhmi3LRf/VbM0xAi5JJpXffcBBsZUyi4hH7RTzUkjHfZBdQNjVgIupENzunTNaO0aDtWpiKkA/XrRsZCrXthYCZDhh3908vFv7x6iu3dRiaiJEWI+MdD7VRSjGmeDW0JBRxlzxDGlTB/pbzDFONoEiyaED4vpf+T803HMxGebpX2D4ZxFMgyWSHrxCM7ZJ+ckDKpEE5uyB15II/WrXVvPVnPH6Mj1nBniXyD9fIOHwyZmw==</latexit><latexit sha1_base64="XWTR3Zx3xnmY5pySKKLY92q3Mrg=">AAACDnicdVDLSgNBEJz1GeNr1aOXwSjoZdkVRS+CqKDHCMYEsiHMTjpmyOyDmV41LPkCL/6KFw+KePXszb9xNkbwWdB0UdXNTFeQSKHRdd+skdGx8YnJwlRxemZ2bt5eWDzXcao4VHgsY1ULmAYpIqigQAm1RAELAwnVoHuY+9VLUFrE0Rn2EmiE7CISbcEZGqlpr/kI15it+kcgkdG9Veo63jY9pusKtEOvRAs7G/2mXXKdTTcH/U08Z9DdEhmi3LRf/VbM0xAi5JJpXffcBBsZUyi4hH7RTzUkjHfZBdQNjVgIupENzunTNaO0aDtWpiKkA/XrRsZCrXthYCZDhh3908vFv7x6iu3dRiaiJEWI+MdD7VRSjGmeDW0JBRxlzxDGlTB/pbzDFONoEiyaED4vpf+T803HMxGebpX2D4ZxFMgyWSHrxCM7ZJ+ckDKpEE5uyB15II/WrXVvPVnPH6Mj1nBniXyD9fIOHwyZmw==</latexit><latexit sha1_base64="XWTR3Zx3xnmY5pySKKLY92q3Mrg=">AAACDnicdVDLSgNBEJz1GeNr1aOXwSjoZdkVRS+CqKDHCMYEsiHMTjpmyOyDmV41LPkCL/6KFw+KePXszb9xNkbwWdB0UdXNTFeQSKHRdd+skdGx8YnJwlRxemZ2bt5eWDzXcao4VHgsY1ULmAYpIqigQAm1RAELAwnVoHuY+9VLUFrE0Rn2EmiE7CISbcEZGqlpr/kI15it+kcgkdG9Veo63jY9pusKtEOvRAs7G/2mXXKdTTcH/U08Z9DdEhmi3LRf/VbM0xAi5JJpXffcBBsZUyi4hH7RTzUkjHfZBdQNjVgIupENzunTNaO0aDtWpiKkA/XrRsZCrXthYCZDhh3908vFv7x6iu3dRiaiJEWI+MdD7VRSjGmeDW0JBRxlzxDGlTB/pbzDFONoEiyaED4vpf+T803HMxGebpX2D4ZxFMgyWSHrxCM7ZJ+ckDKpEE5uyB15II/WrXVvPVnPH6Mj1nBniXyD9fIOHwyZmw==</latexit>

d = 20ā
<latexit sha1_base64="kO1CWj0nFkKpfk9J60ifKbZTjrE=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ6YIuhGKblxWsA+YDiWTybShmcyQ3BHK0M9w40IRt36NO//GTFvB54GQwzn3cu89YSaFAULenaXlldW19cpGdXNre2e3trffMWmuGW+zVKa6F1LDpVC8DQIk72Wa0ySUvBuOr0q/e8e1Eam6hUnGg4QOlYgFo2AlP7pokH5IdUGng1qduA1SAv8mnjv7SR0t0BrU3vpRyvKEK2CSGuN7JIOgoBoEk3xa7eeGZ5SN6ZD7liqacBMUs5Wn+NgqEY5TbZ8CPFO/dhQ0MWaShLYyoTAyP71S/Mvzc4jPg0KoLAeu2HxQnEsMKS7vx5HQnIGcWEKZFnZXzEZUUwY2paoN4fNS/D/pNFyPuN7Nab15uYijgg7RETpBHjpDTXSNWqiNGErRPXpETw44D86z8zIvXXIWPQfoG5zXD68mkNs=</latexit><latexit sha1_base64="kO1CWj0nFkKpfk9J60ifKbZTjrE=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ6YIuhGKblxWsA+YDiWTybShmcyQ3BHK0M9w40IRt36NO//GTFvB54GQwzn3cu89YSaFAULenaXlldW19cpGdXNre2e3trffMWmuGW+zVKa6F1LDpVC8DQIk72Wa0ySUvBuOr0q/e8e1Eam6hUnGg4QOlYgFo2AlP7pokH5IdUGng1qduA1SAv8mnjv7SR0t0BrU3vpRyvKEK2CSGuN7JIOgoBoEk3xa7eeGZ5SN6ZD7liqacBMUs5Wn+NgqEY5TbZ8CPFO/dhQ0MWaShLYyoTAyP71S/Mvzc4jPg0KoLAeu2HxQnEsMKS7vx5HQnIGcWEKZFnZXzEZUUwY2paoN4fNS/D/pNFyPuN7Nab15uYijgg7RETpBHjpDTXSNWqiNGErRPXpETw44D86z8zIvXXIWPQfoG5zXD68mkNs=</latexit><latexit sha1_base64="kO1CWj0nFkKpfk9J60ifKbZTjrE=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ6YIuhGKblxWsA+YDiWTybShmcyQ3BHK0M9w40IRt36NO//GTFvB54GQwzn3cu89YSaFAULenaXlldW19cpGdXNre2e3trffMWmuGW+zVKa6F1LDpVC8DQIk72Wa0ySUvBuOr0q/e8e1Eam6hUnGg4QOlYgFo2AlP7pokH5IdUGng1qduA1SAv8mnjv7SR0t0BrU3vpRyvKEK2CSGuN7JIOgoBoEk3xa7eeGZ5SN6ZD7liqacBMUs5Wn+NgqEY5TbZ8CPFO/dhQ0MWaShLYyoTAyP71S/Mvzc4jPg0KoLAeu2HxQnEsMKS7vx5HQnIGcWEKZFnZXzEZUUwY2paoN4fNS/D/pNFyPuN7Nab15uYijgg7RETpBHjpDTXSNWqiNGErRPXpETw44D86z8zIvXXIWPQfoG5zXD68mkNs=</latexit><latexit sha1_base64="kO1CWj0nFkKpfk9J60ifKbZTjrE=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ6YIuhGKblxWsA+YDiWTybShmcyQ3BHK0M9w40IRt36NO//GTFvB54GQwzn3cu89YSaFAULenaXlldW19cpGdXNre2e3trffMWmuGW+zVKa6F1LDpVC8DQIk72Wa0ySUvBuOr0q/e8e1Eam6hUnGg4QOlYgFo2AlP7pokH5IdUGng1qduA1SAv8mnjv7SR0t0BrU3vpRyvKEK2CSGuN7JIOgoBoEk3xa7eeGZ5SN6ZD7liqacBMUs5Wn+NgqEY5TbZ8CPFO/dhQ0MWaShLYyoTAyP71S/Mvzc4jPg0KoLAeu2HxQnEsMKS7vx5HQnIGcWEKZFnZXzEZUUwY2paoN4fNS/D/pNFyPuN7Nab15uYijgg7RETpBHjpDTXSNWqiNGErRPXpETw44D86z8zIvXXIWPQfoG5zXD68mkNs=</latexit>

p-wave
<latexit sha1_base64="Pe/MHfZI+u66awRWckg3GNa1PeM=">AAAB+HicdVDJSgNBEO2JW4xLoh69NCaCF4eZIJhjwIvHCGaBJISeTk3SpGehuyYah3yJFw+KePVTvPk3dhbB9UFRj/eq6OrnxVJodJx3K7Oyura+kd3MbW3v7OYLe/sNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9EYXM785BqVFFF7jJIZuwAah8AVnaKReId9BuMW0FJdOb9gYpr1C0bHLzgz0N3HteXeKZIlar/DW6Uc8CSBELpnWbdeJsZsyhYJLmOY6iYaY8REbQNvQkAWgu+n88Ck9Nkqf+pEyFSKdq183UhZoPQk8MxkwHOqf3kz8y2sn6Fe6qQjjBCHki4f8RFKM6CwF2hcKOMqJIYwrYW6lfMgU42iyypkQPn9K/yeNsu06tnt1VqxWlnFkySE5IifEJeekSi5JjdQJJwm5J4/kybqzHqxn62UxmrGWOwfkG6zXD3vFku4=</latexit><latexit sha1_base64="Pe/MHfZI+u66awRWckg3GNa1PeM=">AAAB+HicdVDJSgNBEO2JW4xLoh69NCaCF4eZIJhjwIvHCGaBJISeTk3SpGehuyYah3yJFw+KePVTvPk3dhbB9UFRj/eq6OrnxVJodJx3K7Oyura+kd3MbW3v7OYLe/sNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9EYXM785BqVFFF7jJIZuwAah8AVnaKReId9BuMW0FJdOb9gYpr1C0bHLzgz0N3HteXeKZIlar/DW6Uc8CSBELpnWbdeJsZsyhYJLmOY6iYaY8REbQNvQkAWgu+n88Ck9Nkqf+pEyFSKdq183UhZoPQk8MxkwHOqf3kz8y2sn6Fe6qQjjBCHki4f8RFKM6CwF2hcKOMqJIYwrYW6lfMgU42iyypkQPn9K/yeNsu06tnt1VqxWlnFkySE5IifEJeekSi5JjdQJJwm5J4/kybqzHqxn62UxmrGWOwfkG6zXD3vFku4=</latexit><latexit sha1_base64="Pe/MHfZI+u66awRWckg3GNa1PeM=">AAAB+HicdVDJSgNBEO2JW4xLoh69NCaCF4eZIJhjwIvHCGaBJISeTk3SpGehuyYah3yJFw+KePVTvPk3dhbB9UFRj/eq6OrnxVJodJx3K7Oyura+kd3MbW3v7OYLe/sNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9EYXM785BqVFFF7jJIZuwAah8AVnaKReId9BuMW0FJdOb9gYpr1C0bHLzgz0N3HteXeKZIlar/DW6Uc8CSBELpnWbdeJsZsyhYJLmOY6iYaY8REbQNvQkAWgu+n88Ck9Nkqf+pEyFSKdq183UhZoPQk8MxkwHOqf3kz8y2sn6Fe6qQjjBCHki4f8RFKM6CwF2hcKOMqJIYwrYW6lfMgU42iyypkQPn9K/yeNsu06tnt1VqxWlnFkySE5IifEJeekSi5JjdQJJwm5J4/kybqzHqxn62UxmrGWOwfkG6zXD3vFku4=</latexit><latexit sha1_base64="Pe/MHfZI+u66awRWckg3GNa1PeM=">AAAB+HicdVDJSgNBEO2JW4xLoh69NCaCF4eZIJhjwIvHCGaBJISeTk3SpGehuyYah3yJFw+KePVTvPk3dhbB9UFRj/eq6OrnxVJodJx3K7Oyura+kd3MbW3v7OYLe/sNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9EYXM785BqVFFF7jJIZuwAah8AVnaKReId9BuMW0FJdOb9gYpr1C0bHLzgz0N3HteXeKZIlar/DW6Uc8CSBELpnWbdeJsZsyhYJLmOY6iYaY8REbQNvQkAWgu+n88Ck9Nkqf+pEyFSKdq183UhZoPQk8MxkwHOqf3kz8y2sn6Fe6qQjjBCHki4f8RFKM6CwF2hcKOMqJIYwrYW6lfMgU42iyypkQPn9K/yeNsu06tnt1VqxWlnFkySE5IifEJeekSi5JjdQJJwm5J4/kybqzHqxn62UxmrGWOwfkG6zXD3vFku4=</latexit>



General metrological scheme:
What is quantum in the Fisher Information?

State of the system after transformation ⇢̂(✓)

QM provides pdfs:

p(x|✓) = Tr[⇢̂(✓)⇧̂(x)]

⇧̂(x) = |xihx|

Measurement operator:

CRLB: maximum information for given measurement Fisher information F
F depends on the specific choice of the measurement

Maximum precision allowed by QM Quantum Fisher Information

Generator of transformation
⇢̂(✓ + �✓) = ei�✓ĥ⇢̂(✓)e�i�✓ĥ

max F ⌘ FQ
measurements

FQ = 2
X

i,j

(pi � pj)2

pi + pj
|hi|ĥ|ji|2

Eigenvalues and 
eigenvectors of ⇢̂(✓)

Quantum Fisher information

◉ S. L. Braunstein, C. M. Caves, PRL 72, 3439 (1994)



Quantum Fisher Information (QFI)

| +i
before

r| �i+ t| +i
after

Generator of the transformation

• Can we do better? 
• Is the scheme optimal?

r = i sin �1Dei�1D

t = cos �1Dei�1D

cot �1D ⌘ ka1D

Rewrite amplitudes by using

ĥ = (1̂ + �̂x)
d�1D(B)

dB

1. We know the state

3. We can calculate QFI

2. We know the generator

FQ = 4

✓
d�1D(B)

dB

◆2

= F

T (B) = cos2 �1D(B)

QFI=CFI

collision

Magnetic field sensitivity

◉ K. Jachymski et al., PRL 120, 013401 (2018)



Magnetic field gradient estimation

B(x)
<latexit sha1_base64="onZRlwkXEj9bNhc1TH+/Ez5wNoo=">AAAB63icdVDLSgMxFL1TX7W+qi7dBItQN8NMEXRZ6sZlBfuAdiiZNNOGJpkhyYhl6C+4caGIW3/InX9jpq3g80DI4Zx7ufeeMOFMG897dworq2vrG8XN0tb2zu5eef+greNUEdoiMY9VN8SaciZpyzDDaTdRFIuQ0044ucz9zi1VmsXyxkwTGgg8kixiBJtcalTvTgfliufWvBzoN/Hd+e9VYInmoPzWH8YkFVQawrHWPd9LTJBhZRjhdFbqp5ommEzwiPYslVhQHWTzXWfoxCpDFMXKPmnQXP3akWGh9VSEtlJgM9Y/vVz8y+ulJroIMiaT1FBJFoOilCMTo/xwNGSKEsOnlmCimN0VkTFWmBgbT8mG8Hkp+p+0a67vuf71WaXeWMZRhCM4hir4cA51uIImtIDAGO7hEZ4c4Tw4z87LorTgLHsO4Ruc1w8+IY2z</latexit><latexit sha1_base64="onZRlwkXEj9bNhc1TH+/Ez5wNoo=">AAAB63icdVDLSgMxFL1TX7W+qi7dBItQN8NMEXRZ6sZlBfuAdiiZNNOGJpkhyYhl6C+4caGIW3/InX9jpq3g80DI4Zx7ufeeMOFMG897dworq2vrG8XN0tb2zu5eef+greNUEdoiMY9VN8SaciZpyzDDaTdRFIuQ0044ucz9zi1VmsXyxkwTGgg8kixiBJtcalTvTgfliufWvBzoN/Hd+e9VYInmoPzWH8YkFVQawrHWPd9LTJBhZRjhdFbqp5ommEzwiPYslVhQHWTzXWfoxCpDFMXKPmnQXP3akWGh9VSEtlJgM9Y/vVz8y+ulJroIMiaT1FBJFoOilCMTo/xwNGSKEsOnlmCimN0VkTFWmBgbT8mG8Hkp+p+0a67vuf71WaXeWMZRhCM4hir4cA51uIImtIDAGO7hEZ4c4Tw4z87LorTgLHsO4Ruc1w8+IY2z</latexit><latexit sha1_base64="onZRlwkXEj9bNhc1TH+/Ez5wNoo=">AAAB63icdVDLSgMxFL1TX7W+qi7dBItQN8NMEXRZ6sZlBfuAdiiZNNOGJpkhyYhl6C+4caGIW3/InX9jpq3g80DI4Zx7ufeeMOFMG897dworq2vrG8XN0tb2zu5eef+greNUEdoiMY9VN8SaciZpyzDDaTdRFIuQ0044ucz9zi1VmsXyxkwTGgg8kixiBJtcalTvTgfliufWvBzoN/Hd+e9VYInmoPzWH8YkFVQawrHWPd9LTJBhZRjhdFbqp5ommEzwiPYslVhQHWTzXWfoxCpDFMXKPmnQXP3akWGh9VSEtlJgM9Y/vVz8y+ulJroIMiaT1FBJFoOilCMTo/xwNGSKEsOnlmCimN0VkTFWmBgbT8mG8Hkp+p+0a67vuf71WaXeWMZRhCM4hir4cA51uIImtIDAGO7hEZ4c4Tw4z87LorTgLHsO4Ruc1w8+IY2z</latexit><latexit sha1_base64="onZRlwkXEj9bNhc1TH+/Ez5wNoo=">AAAB63icdVDLSgMxFL1TX7W+qi7dBItQN8NMEXRZ6sZlBfuAdiiZNNOGJpkhyYhl6C+4caGIW3/InX9jpq3g80DI4Zx7ufeeMOFMG897dworq2vrG8XN0tb2zu5eef+greNUEdoiMY9VN8SaciZpyzDDaTdRFIuQ0044ucz9zi1VmsXyxkwTGgg8kixiBJtcalTvTgfliufWvBzoN/Hd+e9VYInmoPzWH8YkFVQawrHWPd9LTJBhZRjhdFbqp5ommEzwiPYslVhQHWTzXWfoxCpDFMXKPmnQXP3akWGh9VSEtlJgM9Y/vVz8y+ulJroIMiaT1FBJFoOilCMTo/xwNGSKEsOnlmCimN0VkTFWmBgbT8mG8Hkp+p+0a67vuf71WaXeWMZRhCM4hir4cA51uIImtIDAGO7hEZ4c4Tw4z87LorTgLHsO4Ruc1w8+IY2z</latexit>

Assumption: The field varies smoothly
B(ri) = B0 +Bxixi +Byiyi Bx ⌘ @xB, By ⌘ @yB

<latexit sha1_base64="0uDKcloEk9iACLi7akMMCgnS42Y="></latexit><latexit sha1_base64="0uDKcloEk9iACLi7akMMCgnS42Y="></latexit><latexit sha1_base64="0uDKcloEk9iACLi7akMMCgnS42Y="></latexit><latexit sha1_base64="0uDKcloEk9iACLi7akMMCgnS42Y="></latexit>

Fisher information becomes a matrix 

Fi,j =
X

x

1

p(x|✓)
p(x|✓)
@✓i

p(x|✓)
@✓j

✓ = (B0, Bx, By)
<latexit sha1_base64="+EXdZl04bMArEjMyOvvcmVa2YaY="></latexit><latexit sha1_base64="+EXdZl04bMArEjMyOvvcmVa2YaY="></latexit><latexit sha1_base64="+EXdZl04bMArEjMyOvvcmVa2YaY="></latexit><latexit sha1_base64="+EXdZl04bMArEjMyOvvcmVa2YaY="></latexit>

◉ T. Wasak, K. Jachymski, T. Calarco, AN, PRA 97, 052701 (2018)

�✓i �
1p
m
[F�1]1/2i,i

<latexit sha1_base64="blvyHxNUOF+dcc+4uzh8pIoyzUM="></latexit><latexit sha1_base64="blvyHxNUOF+dcc+4uzh8pIoyzUM="></latexit><latexit sha1_base64="blvyHxNUOF+dcc+4uzh8pIoyzUM="></latexit><latexit sha1_base64="blvyHxNUOF+dcc+4uzh8pIoyzUM="></latexit>

Estimation problem with 
1+2 parameters: 
- Field strength
- Field gradient components

For each of the tubes



Results: Scenario for which T=1 (e.g. Cs atoms)

◉ T. Wasak, K. Jachymski, T. Calarco, AN, PRA 97, 052701 (2018)
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M = 51 x 51 tubes; L = 523 nm; By=0 � = 0.15 G (res. width)
<latexit sha1_base64="XWTR3Zx3xnmY5pySKKLY92q3Mrg=">AAACDnicdVDLSgNBEJz1GeNr1aOXwSjoZdkVRS+CqKDHCMYEsiHMTjpmyOyDmV41LPkCL/6KFw+KePXszb9xNkbwWdB0UdXNTFeQSKHRdd+skdGx8YnJwlRxemZ2bt5eWDzXcao4VHgsY1ULmAYpIqigQAm1RAELAwnVoHuY+9VLUFrE0Rn2EmiE7CISbcEZGqlpr/kI15it+kcgkdG9Veo63jY9pusKtEOvRAs7G/2mXXKdTTcH/U08Z9DdEhmi3LRf/VbM0xAi5JJpXffcBBsZUyi4hH7RTzUkjHfZBdQNjVgIupENzunTNaO0aDtWpiKkA/XrRsZCrXthYCZDhh3908vFv7x6iu3dRiaiJEWI+MdD7VRSjGmeDW0JBRxlzxDGlTB/pbzDFONoEiyaED4vpf+T803HMxGebpX2D4ZxFMgyWSHrxCM7ZJ+ckDKpEE5uyB15II/WrXVvPVnPH6Mj1nBniXyD9fIOHwyZmw==</latexit><latexit sha1_base64="XWTR3Zx3xnmY5pySKKLY92q3Mrg=">AAACDnicdVDLSgNBEJz1GeNr1aOXwSjoZdkVRS+CqKDHCMYEsiHMTjpmyOyDmV41LPkCL/6KFw+KePXszb9xNkbwWdB0UdXNTFeQSKHRdd+skdGx8YnJwlRxemZ2bt5eWDzXcao4VHgsY1ULmAYpIqigQAm1RAELAwnVoHuY+9VLUFrE0Rn2EmiE7CISbcEZGqlpr/kI15it+kcgkdG9Veo63jY9pusKtEOvRAs7G/2mXXKdTTcH/U08Z9DdEhmi3LRf/VbM0xAi5JJpXffcBBsZUyi4hH7RTzUkjHfZBdQNjVgIupENzunTNaO0aDtWpiKkA/XrRsZCrXthYCZDhh3908vFv7x6iu3dRiaiJEWI+MdD7VRSjGmeDW0JBRxlzxDGlTB/pbzDFONoEiyaED4vpf+T803HMxGebpX2D4ZxFMgyWSHrxCM7ZJ+ckDKpEE5uyB15II/WrXVvPVnPH6Mj1nBniXyD9fIOHwyZmw==</latexit><latexit sha1_base64="XWTR3Zx3xnmY5pySKKLY92q3Mrg=">AAACDnicdVDLSgNBEJz1GeNr1aOXwSjoZdkVRS+CqKDHCMYEsiHMTjpmyOyDmV41LPkCL/6KFw+KePXszb9xNkbwWdB0UdXNTFeQSKHRdd+skdGx8YnJwlRxemZ2bt5eWDzXcao4VHgsY1ULmAYpIqigQAm1RAELAwnVoHuY+9VLUFrE0Rn2EmiE7CISbcEZGqlpr/kI15it+kcgkdG9Veo63jY9pusKtEOvRAs7G/2mXXKdTTcH/U08Z9DdEhmi3LRf/VbM0xAi5JJpXffcBBsZUyi4hH7RTzUkjHfZBdQNjVgIupENzunTNaO0aDtWpiKkA/XrRsZCrXthYCZDhh3908vFv7x6iu3dRiaiJEWI+MdD7VRSjGmeDW0JBRxlzxDGlTB/pbzDFONoEiyaED4vpf+T803HMxGebpX2D4ZxFMgyWSHrxCM7ZJ+ckDKpEE5uyB15II/WrXVvPVnPH6Mj1nBniXyD9fIOHwyZmw==</latexit><latexit sha1_base64="XWTR3Zx3xnmY5pySKKLY92q3Mrg=">AAACDnicdVDLSgNBEJz1GeNr1aOXwSjoZdkVRS+CqKDHCMYEsiHMTjpmyOyDmV41LPkCL/6KFw+KePXszb9xNkbwWdB0UdXNTFeQSKHRdd+skdGx8YnJwlRxemZ2bt5eWDzXcao4VHgsY1ULmAYpIqigQAm1RAELAwnVoHuY+9VLUFrE0Rn2EmiE7CISbcEZGqlpr/kI15it+kcgkdG9Veo63jY9pusKtEOvRAs7G/2mXXKdTTcH/U08Z9DdEhmi3LRf/VbM0xAi5JJpXffcBBsZUyi4hH7RTzUkjHfZBdQNjVgIupENzunTNaO0aDtWpiKkA/XrRsZCrXthYCZDhh3908vFv7x6iu3dRiaiJEWI+MdD7VRSjGmeDW0JBRxlzxDGlTB/pbzDFONoEiyaED4vpf+T803HMxGebpX2D4ZxFMgyWSHrxCM7ZJ+ckDKpEE5uyB15II/WrXVvPVnPH6Mj1nBniXyD9fIOHwyZmw==</latexit>

d = 20ā
<latexit sha1_base64="kO1CWj0nFkKpfk9J60ifKbZTjrE=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ6YIuhGKblxWsA+YDiWTybShmcyQ3BHK0M9w40IRt36NO//GTFvB54GQwzn3cu89YSaFAULenaXlldW19cpGdXNre2e3trffMWmuGW+zVKa6F1LDpVC8DQIk72Wa0ySUvBuOr0q/e8e1Eam6hUnGg4QOlYgFo2AlP7pokH5IdUGng1qduA1SAv8mnjv7SR0t0BrU3vpRyvKEK2CSGuN7JIOgoBoEk3xa7eeGZ5SN6ZD7liqacBMUs5Wn+NgqEY5TbZ8CPFO/dhQ0MWaShLYyoTAyP71S/Mvzc4jPg0KoLAeu2HxQnEsMKS7vx5HQnIGcWEKZFnZXzEZUUwY2paoN4fNS/D/pNFyPuN7Nab15uYijgg7RETpBHjpDTXSNWqiNGErRPXpETw44D86z8zIvXXIWPQfoG5zXD68mkNs=</latexit><latexit sha1_base64="kO1CWj0nFkKpfk9J60ifKbZTjrE=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ6YIuhGKblxWsA+YDiWTybShmcyQ3BHK0M9w40IRt36NO//GTFvB54GQwzn3cu89YSaFAULenaXlldW19cpGdXNre2e3trffMWmuGW+zVKa6F1LDpVC8DQIk72Wa0ySUvBuOr0q/e8e1Eam6hUnGg4QOlYgFo2AlP7pokH5IdUGng1qduA1SAv8mnjv7SR0t0BrU3vpRyvKEK2CSGuN7JIOgoBoEk3xa7eeGZ5SN6ZD7liqacBMUs5Wn+NgqEY5TbZ8CPFO/dhQ0MWaShLYyoTAyP71S/Mvzc4jPg0KoLAeu2HxQnEsMKS7vx5HQnIGcWEKZFnZXzEZUUwY2paoN4fNS/D/pNFyPuN7Nab15uYijgg7RETpBHjpDTXSNWqiNGErRPXpETw44D86z8zIvXXIWPQfoG5zXD68mkNs=</latexit><latexit sha1_base64="kO1CWj0nFkKpfk9J60ifKbZTjrE=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ6YIuhGKblxWsA+YDiWTybShmcyQ3BHK0M9w40IRt36NO//GTFvB54GQwzn3cu89YSaFAULenaXlldW19cpGdXNre2e3trffMWmuGW+zVKa6F1LDpVC8DQIk72Wa0ySUvBuOr0q/e8e1Eam6hUnGg4QOlYgFo2AlP7pokH5IdUGng1qduA1SAv8mnjv7SR0t0BrU3vpRyvKEK2CSGuN7JIOgoBoEk3xa7eeGZ5SN6ZD7liqacBMUs5Wn+NgqEY5TbZ8CPFO/dhQ0MWaShLYyoTAyP71S/Mvzc4jPg0KoLAeu2HxQnEsMKS7vx5HQnIGcWEKZFnZXzEZUUwY2paoN4fNS/D/pNFyPuN7Nab15uYijgg7RETpBHjpDTXSNWqiNGErRPXpETw44D86z8zIvXXIWPQfoG5zXD68mkNs=</latexit><latexit sha1_base64="kO1CWj0nFkKpfk9J60ifKbZTjrE=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ6YIuhGKblxWsA+YDiWTybShmcyQ3BHK0M9w40IRt36NO//GTFvB54GQwzn3cu89YSaFAULenaXlldW19cpGdXNre2e3trffMWmuGW+zVKa6F1LDpVC8DQIk72Wa0ySUvBuOr0q/e8e1Eam6hUnGg4QOlYgFo2AlP7pokH5IdUGng1qduA1SAv8mnjv7SR0t0BrU3vpRyvKEK2CSGuN7JIOgoBoEk3xa7eeGZ5SN6ZD7liqacBMUs5Wn+NgqEY5TbZ8CPFO/dhQ0MWaShLYyoTAyP71S/Mvzc4jPg0KoLAeu2HxQnEsMKS7vx5HQnIGcWEKZFnZXzEZUUwY2paoN4fNS/D/pNFyPuN7Nab15uYijgg7RETpBHjpDTXSNWqiNGErRPXpETw44D86z8zIvXXIWPQfoG5zXD68mkNs=</latexit>

abg = 9.7ā

kā = 10�4
<latexit sha1_base64="rgxeivZ1N7hppL86hsxbI7tgKEw=">AAAB+3icbVDLSgNBEOz1GeNrjUcvg0HwYtiVgF6EoBePEcwDkjX0TibJkNkHM7NiWPZXvHhQxKs/4s2/cZLsQRMLGoqqbrq7/FhwpR3n21pZXVvf2CxsFbd3dvf27YNSU0WJpKxBIxHJto+KCR6yhuZasHYsGQa+YC1/fDP1W49MKh6F93oSMy/AYcgHnKI2Us8ujUnXR0mQXBHXeUjPqlnPLjsVZwayTNyclCFHvWd/dfsRTQIWaipQqY7rxNpLUWpOBcuK3USxGOkYh6xjaIgBU146uz0jJ0bpk0EkTYWazNTfEykGSk0C33QGqEdq0ZuK/3mdRA8uvZSHcaJZSOeLBokgOiLTIEifS0a1mBiCVHJzK6EjlEi1iatoQnAXX14mzfOK61Tcu2q5dp3HUYAjOIZTcOECanALdWgAhSd4hld4szLrxXq3PuatK1Y+cwh/YH3+ACnLkpE=</latexit><latexit sha1_base64="rgxeivZ1N7hppL86hsxbI7tgKEw=">AAAB+3icbVDLSgNBEOz1GeNrjUcvg0HwYtiVgF6EoBePEcwDkjX0TibJkNkHM7NiWPZXvHhQxKs/4s2/cZLsQRMLGoqqbrq7/FhwpR3n21pZXVvf2CxsFbd3dvf27YNSU0WJpKxBIxHJto+KCR6yhuZasHYsGQa+YC1/fDP1W49MKh6F93oSMy/AYcgHnKI2Us8ujUnXR0mQXBHXeUjPqlnPLjsVZwayTNyclCFHvWd/dfsRTQIWaipQqY7rxNpLUWpOBcuK3USxGOkYh6xjaIgBU146uz0jJ0bpk0EkTYWazNTfEykGSk0C33QGqEdq0ZuK/3mdRA8uvZSHcaJZSOeLBokgOiLTIEifS0a1mBiCVHJzK6EjlEi1iatoQnAXX14mzfOK61Tcu2q5dp3HUYAjOIZTcOECanALdWgAhSd4hld4szLrxXq3PuatK1Y+cwh/YH3+ACnLkpE=</latexit><latexit sha1_base64="rgxeivZ1N7hppL86hsxbI7tgKEw=">AAAB+3icbVDLSgNBEOz1GeNrjUcvg0HwYtiVgF6EoBePEcwDkjX0TibJkNkHM7NiWPZXvHhQxKs/4s2/cZLsQRMLGoqqbrq7/FhwpR3n21pZXVvf2CxsFbd3dvf27YNSU0WJpKxBIxHJto+KCR6yhuZasHYsGQa+YC1/fDP1W49MKh6F93oSMy/AYcgHnKI2Us8ujUnXR0mQXBHXeUjPqlnPLjsVZwayTNyclCFHvWd/dfsRTQIWaipQqY7rxNpLUWpOBcuK3USxGOkYh6xjaIgBU146uz0jJ0bpk0EkTYWazNTfEykGSk0C33QGqEdq0ZuK/3mdRA8uvZSHcaJZSOeLBokgOiLTIEifS0a1mBiCVHJzK6EjlEi1iatoQnAXX14mzfOK61Tcu2q5dp3HUYAjOIZTcOECanALdWgAhSd4hld4szLrxXq3PuatK1Y+cwh/YH3+ACnLkpE=</latexit><latexit sha1_base64="rgxeivZ1N7hppL86hsxbI7tgKEw=">AAAB+3icbVDLSgNBEOz1GeNrjUcvg0HwYtiVgF6EoBePEcwDkjX0TibJkNkHM7NiWPZXvHhQxKs/4s2/cZLsQRMLGoqqbrq7/FhwpR3n21pZXVvf2CxsFbd3dvf27YNSU0WJpKxBIxHJto+KCR6yhuZasHYsGQa+YC1/fDP1W49MKh6F93oSMy/AYcgHnKI2Us8ujUnXR0mQXBHXeUjPqlnPLjsVZwayTNyclCFHvWd/dfsRTQIWaipQqY7rxNpLUWpOBcuK3USxGOkYh6xjaIgBU146uz0jJ0bpk0EkTYWazNTfEykGSk0C33QGqEdq0ZuK/3mdRA8uvZSHcaJZSOeLBokgOiLTIEifS0a1mBiCVHJzK6EjlEi1iatoQnAXX14mzfOK61Tcu2q5dp3HUYAjOIZTcOECanALdWgAhSd4hld4szLrxXq3PuatK1Y+cwh/YH3+ACnLkpE=</latexit>

Optimal operating point:

B0 �Bres ' �
<latexit sha1_base64="Z2h2yMMWBRhnw6S288ca/xUt7EM="></latexit><latexit sha1_base64="Z2h2yMMWBRhnw6S288ca/xUt7EM="></latexit><latexit sha1_base64="Z2h2yMMWBRhnw6S288ca/xUt7EM="></latexit><latexit sha1_base64="Z2h2yMMWBRhnw6S288ca/xUt7EM="></latexit>

Highest performance

for small gradients!
<latexit sha1_base64="hyfmSBUJil0w/KYehJpxXdRCvvU=">AAACIXicbVDLSgNBEJz1bXxFPXoZDYKnsCuCHkUvHhWMCtkQeie9yeDM7DLTK4Ylv+LFX/HiQRFv4s84eRx81amo6qK7K8mVdBSGH8HU9Mzs3PzCYmVpeWV1rbq+ceWywgpsiExl9iYBh0oabJAkhTe5RdCJwuvk9nToX9+hdTIzl9TPsaWha2QqBZCX2tWjmPCeyjPZ7aEjnqNNM6vBCBzEcWVseoU7DUrxroWORENue9Cu1sJ6OAL/S6IJqbEJztvV97iTiUL7uFDgXDMKc2qVYEkKhYNKXDjMQdxCF5ueGtDoWuXowwHf9UqHDw9JM0N8pH5PlKCd6+vET2qgnvvtDcX/vGZB6VGrlCYvCI0YL0oLxSnjw7p4R1oUpPqegLDS38pFDywI8qVWfAnR75f/kqv9ehTWo4uD2vHJpI4FtsV22B6L2CE7ZmfsnDWYYA/sib2w1+AxeA7egvfx6FQwyWyyHwg+vwBRfqTP</latexit><latexit sha1_base64="hyfmSBUJil0w/KYehJpxXdRCvvU=">AAACIXicbVDLSgNBEJz1bXxFPXoZDYKnsCuCHkUvHhWMCtkQeie9yeDM7DLTK4Ylv+LFX/HiQRFv4s84eRx81amo6qK7K8mVdBSGH8HU9Mzs3PzCYmVpeWV1rbq+ceWywgpsiExl9iYBh0oabJAkhTe5RdCJwuvk9nToX9+hdTIzl9TPsaWha2QqBZCX2tWjmPCeyjPZ7aEjnqNNM6vBCBzEcWVseoU7DUrxroWORENue9Cu1sJ6OAL/S6IJqbEJztvV97iTiUL7uFDgXDMKc2qVYEkKhYNKXDjMQdxCF5ueGtDoWuXowwHf9UqHDw9JM0N8pH5PlKCd6+vET2qgnvvtDcX/vGZB6VGrlCYvCI0YL0oLxSnjw7p4R1oUpPqegLDS38pFDywI8qVWfAnR75f/kqv9ehTWo4uD2vHJpI4FtsV22B6L2CE7ZmfsnDWYYA/sib2w1+AxeA7egvfx6FQwyWyyHwg+vwBRfqTP</latexit><latexit sha1_base64="hyfmSBUJil0w/KYehJpxXdRCvvU=">AAACIXicbVDLSgNBEJz1bXxFPXoZDYKnsCuCHkUvHhWMCtkQeie9yeDM7DLTK4Ylv+LFX/HiQRFv4s84eRx81amo6qK7K8mVdBSGH8HU9Mzs3PzCYmVpeWV1rbq+ceWywgpsiExl9iYBh0oabJAkhTe5RdCJwuvk9nToX9+hdTIzl9TPsaWha2QqBZCX2tWjmPCeyjPZ7aEjnqNNM6vBCBzEcWVseoU7DUrxroWORENue9Cu1sJ6OAL/S6IJqbEJztvV97iTiUL7uFDgXDMKc2qVYEkKhYNKXDjMQdxCF5ueGtDoWuXowwHf9UqHDw9JM0N8pH5PlKCd6+vET2qgnvvtDcX/vGZB6VGrlCYvCI0YL0oLxSnjw7p4R1oUpPqegLDS38pFDywI8qVWfAnR75f/kqv9ehTWo4uD2vHJpI4FtsV22B6L2CE7ZmfsnDWYYA/sib2w1+AxeA7egvfx6FQwyWyyHwg+vwBRfqTP</latexit><latexit sha1_base64="hyfmSBUJil0w/KYehJpxXdRCvvU=">AAACIXicbVDLSgNBEJz1bXxFPXoZDYKnsCuCHkUvHhWMCtkQeie9yeDM7DLTK4Ylv+LFX/HiQRFv4s84eRx81amo6qK7K8mVdBSGH8HU9Mzs3PzCYmVpeWV1rbq+ceWywgpsiExl9iYBh0oabJAkhTe5RdCJwuvk9nToX9+hdTIzl9TPsaWha2QqBZCX2tWjmPCeyjPZ7aEjnqNNM6vBCBzEcWVseoU7DUrxroWORENue9Cu1sJ6OAL/S6IJqbEJztvV97iTiUL7uFDgXDMKc2qVYEkKhYNKXDjMQdxCF5ueGtDoWuXowwHf9UqHDw9JM0N8pH5PlKCd6+vET2qgnvvtDcX/vGZB6VGrlCYvCI0YL0oLxSnjw7p4R1oUpPqegLDS38pFDywI8qVWfAnR75f/kqv9ehTWo4uD2vHJpI4FtsV22B6L2CE7ZmfsnDWYYA/sib2w1+AxeA7egvfx6FQwyWyyHwg+vwBRfqTP</latexit>
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Conclusions and outlook

• Cold collisions in waveguides can be indeed useful for magnetometry with sensitivity 
in the range of nT and 100 nT/mm, but also for precise Feshbach characterisation 

• With our simple scheme, i.e. measurement of the transmitted vs. reflected atoms, no 
quantum enhancement is possible

• Possible strategies to improve the sensitivity:

➡Repeated measurements: 

➡Coherent input state of N atoms:

➡Entangled input state of N atoms (e.g. GHZ-state): 
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◆

• Multiple impurities in the waveguides (unfortunately, no significant improvement)  

• Long-ranged interactions provide narrower resonances, thus enhancing the sensitivity, 
but harder to resolve (atom-ion systems afford richness of Feshbach resonances)



Thank you for your attention!
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