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Why is textbook nuclear physics so hard?

VL=0(k , k �) ⇤
�

r2 dr j0(kr) V (r) j0(k �r) = ⌅k |VL=0|k �⇧ =⇥ Vkk � matrix

Momentum units (� = c = 1): typical relative momentum
in large nucleus � 1 fm�1 � 200 MeV but . . .

Repulsive core =⇥ large high-k (� 2 fm�1) components
Dick Furnstahl RG in Nuclear Physics

• constructed to fit low-energy scattering data

• “hard” NN interactions contain repulsive core at small relative distance

• strong coupling between low and high-momentum components

          nuclear many-body problem non-perturbative, hard to solve!
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Nucleon-nucleon interactions

coordinate space: momentum space:

In the following we will work in momentum space.

<latexit sha1_base64="0LJFy58eZuTcXXL5CVfCY18L454="></latexit>⌦
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↵

In general the interaction can be expressed in the following form
(suppressing isospin):

Single-particle spin projections
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Local nucleon-nucleon interactions

Use symmetries of interaction:
conservation of center of mass momentum
independence of P (Galilean invariance)
rotational invariance

Introduce relative momenta:
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Two-body spin quantum numbers
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|pSMSi = ANN

X

L,ML,J,MJ

CJMJ
LMLSMS

Y ⇤
LML

(p̂) |p(LS)JMJi

here we use the convention:
<latexit sha1_base64="l4jVt5cs7hkLrnvrFaAyiyxUcgE=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyWRim6EqhtXpYJ9QBPCZDpth04ezNyIJQT8FTcuFHHrd7jzb5y2WWjrgQuHc+7l3nv8WHAFlvVtFJaWV1bXiuuljc2t7R1zd6+lokRS1qSRiGTHJ4oJHrImcBCsE0tGAl+wtj+6mfjtByYVj8J7GMfMDcgg5H1OCWjJMw+uvNQB9ghpvZ5l+BJXsRNzzyxbFWsKvEjsnJRRjoZnfjm9iCYBC4EKolTXtmJwUyKBU8GykpMoFhM6IgPW1TQkAVNuOj0/w8da6eF+JHWFgKfq74mUBEqNA193BgSGat6biP953QT6F27KwzgBFtLZon4iMER4kgXucckoiLEmhEqub8V0SCShoBMr6RDs+ZcXSeu0Yp9VrLtquXadx1FEh+gInSAbnaMaukUN1EQUpegZvaI348l4Md6Nj1lrwchn9tEfGJ8/9kOU1A==</latexit>

ANN = 4⇡

Partial wave expansion
Expand the angular dependence of momentum vector states in a partial wave basis:

Clebsch-Gordan
coefficients Spherical harmonics

<latexit sha1_base64="S1byQtey8JgFcY+gKe5MI+EOYCQ="></latexit>
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Rotational invariance implies                                   and independence of   
<latexit sha1_base64="zFpZms2N28KP5L7dgZ0QASfAIM0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRiwhCRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewtLyyulZcL21sbm3vlHf3mjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYXU391iMqzWP5YMYJ+hEdSB5yRo2V7m97N71yxa26M5C/xMtJBXLUe+XPbj9maYTSMEG17nhuYvyMKsOZwEmpm2pMKBvRAXYslTRC7WezUyfkyCp9EsbKljRkpv6cyGik9TgKbGdEzVAvelPxP6+TmvDCz7hMUoOSzReFqSAmJtO/SZ8rZEaMLaFMcXsrYUOqKDM2nZINwVt8+S9pnlS9s6p7d1qpXeZxFOEADuEYPDiHGlxDHRrAYABP8AKvjnCenTfnfd5acPKZffgF5+Mb8VWNkg==</latexit>
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Free-space interactions are spin conserving, i.e.               , but in general
(for example due to tensor interactions) 

<latexit sha1_base64="NP51D7r+0HqiDlKXSLQByaRpjRI=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbGInkoiih6LXrwUKrUf0Iaw2W7bpZtN3N0INfSXePGgiFd/ijf/jds2B219MPB4b4aZeUHMmdKO823lVlbX1jfym4Wt7Z3dor2331RRIgltkIhHsh1gRTkTtKGZ5rQdS4rDgNNWMLqZ+q1HKhWLxL0ex9QL8UCwPiNYG8m3i1W/jrqCPqCqn9ZPJr5dcsrODGiZuBkpQYaab391exFJQio04VipjuvE2kux1IxwOil0E0VjTEZ4QDuGChxS5aWzwyfo2Cg91I+kKaHRTP09keJQqXEYmM4Q66Fa9Kbif14n0f0rL2UiTjQVZL6on3CkIzRNAfWYpETzsSGYSGZuRWSIJSbaZFUwIbiLLy+T5lnZvSg7d+elynUWRx4O4QhOwYVLqMAt1KABBBJ4hld4s56sF+vd+pi35qxs5gD+wPr8AWCVkkI=</latexit>

MS 6= MS0

As a consequence we also have in general                                             : 

<latexit sha1_base64="hSUMzskvxj8HdGd2rcnv+lnuK+8=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWqQspiSi6EYpupFCoYC/QhjCZTtuhkwszE6GG4qu4caGIW9/DnW/jpM1Cqz8MfPznHM6Z34s4k8qyvozcwuLS8kp+tbC2vrG5ZW7vNGUYC0IbJOShaHtYUs4C2lBMcdqOBMW+x2nLG12n9dY9FZKFwZ0aR9Tx8SBgfUaw0pZr7lXRJaqWjlHNTanmJtXSxDWLVtmaCv0FO4MiZKq75me3F5LYp4EiHEvZsa1IOQkWihFOJ4VuLGmEyQgPaEdjgH0qnWR6/QQdaqeH+qHQL1Bo6v6cSLAv5dj3dKeP1VDO11Lzv1onVv0LJ2FBFCsakNmifsyRClEaBeoxQYniYw2YCKZvRWSIBSZKB1bQIdjzX/4LzZOyfVa2bk+LlassjjzswwEcgQ3nUIEbqEMDCDzAE7zAq/FoPBtvxvusNWdkM7vwS8bHNzlEkoM=</latexit>

J = J 0,MJ = MJ 0

<latexit sha1_base64="/RjgeOtn545C6VQCJmqsVuRXdaA=">AAACCHicbVC7TgJBFJ31ifhCLS2cSAzYkF2j0YaEaGNBgUHQBAiZHe7qhNnZdeaukWwobfwVGwuNsfUT7Pwbl0eh4KlOzrk399zjhlIYtO1va2Z2bn5hMbWUXl5ZXVvPbGzWTRBpDjUeyEBfu8yAFApqKFDCdaiB+a6EK7d7NvCv7kEbEahL7IXQ8tmNEp7gDBOpndkp06aCO1rOUZpvIjxg7AWa9mm1WM0Vnf12JmsX7CHoNHHGJEvGqLQzX81OwCMfFHLJjGk4doitmGkUXEI/3YwMhIx32Q00EqqYD6YVDx/p071E6dBBAC9QSIfq742Y+cb0fDeZ9BnemklvIP7nNSL0TlqxUGGEoPjokBdJigEdtEI7QgNH2UsI41okWSm/ZZpxTLpLJyU4ky9Pk/pBwTkq2BeH2dLpuI4U2Sa7JE8cckxK5JxUSI1w8kieySt5s56sF+vd+hiNzljjnS3yB9bnD6IBly0=</latexit>

L 6= L0(for S = S0 = 1)

<latexit sha1_base64="IgSkN5MOCcuTTeysNlqzVH18+Bo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbRU9mVil6EohePldoPaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aGqZKEIbRHKp2gHWlDNBG4YZTtuxojgKOG0Fo9up33qiSjMpHsw4pn6EB4KFjGBjpWYdXaP6aa9YcsvuDGiZeBkpQYZar/jV7UuSRFQYwrHWHc+NjZ9iZRjhdFLoJprGmIzwgHYsFTii2k9n107QiVX6KJTKljBopv6eSHGk9TgKbGeEzVAvelPxP6+TmPDKT5mIE0MFmS8KE46MRNPXUZ8pSgwfW4KJYvZWRIZYYWJsQAUbgrf48jJpnpe9i7J7XylVb7I48nAEx3AGHlxCFe6gBg0g8AjP8ApvjnRenHfnY96ac7KZQ/gD5/MH4eKOBA==</latexit>

S = S0

Partial wave interaction matrix elements



Partial wave matrix elements: nomenclature
<latexit sha1_base64="cQWM9W2zN446zu8ByO+k0mFBqCY="></latexit>

hp0 (L0S) J |VNN| p(LS)Ji
Nomenclature: 

• uncoupled channel:

• coupled channel:

• Spectroscopic notation:

<latexit sha1_base64="fcUaqpsDS2X/39JAFoYgHPaXa8k=">AAAB8XicbVDLSgMxFL2pr1pfVZdugkV0VWZE0Y1QdCPSRQX7wHYomTTThmYyQ5IRytC/cONCEbf+jTv/xrSdhbYeSDiccy/33uPHgmvjON8ot7S8srqWXy9sbG5t7xR39xo6ShRldRqJSLV8opngktUNN4K1YsVI6AvW9Ic3E7/5xJTmkXwwo5h5IelLHnBKjJUeq/gKV4/td9ctlpyyMwVeJG5GSpCh1i1+dXoRTUImDRVE67brxMZLiTKcCjYudBLNYkKHpM/alkoSMu2l043H+MgqPRxEyj5p8FT93ZGSUOtR6NvKkJiBnvcm4n9eOzHBpZdyGSeGSTobFCQCmwhPzsc9rhg1YmQJoYrbXTEdEEWosSEVbAju/MmLpHFads/Lzv1ZqXKdxZGHAziEE3DhAipwCzWoAwUJz/AKb0ijF/SOPmalOZT17MMfoM8fk+iO5Q==</latexit>

L = L0 = J
<latexit sha1_base64="gpBkRUKnbr9a8exBaeFQf9Umgj4=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbRg5RdUfQiFL2I9FDBfkB3Kdk0bUOz2ZBkhbL0b3jxoIhX/4w3/41puwdtfTDweG+GmXmh5Ewb1/12ckvLK6tr+fXCxubW9k5xd6+h40QRWicxj1UrxJpyJmjdMMNpSyqKo5DTZji8nfjNJ6o0i8WjGUkaRLgvWI8RbKzkV0+rx+ga3fsy8jrFklt2p0CLxMtICTLUOsUvvxuTJKLCEI61bnuuNEGKlWGE03HBTzSVmAxxn7YtFTiiOkinN4/RkVW6qBcrW8Kgqfp7IsWR1qMotJ0RNgM9703E/7x2YnpXQcqETAwVZLaol3BkYjQJAHWZosTwkSWYKGZvRWSAFSbGxlSwIXjzLy+SxlnZuyi7D+elyk0WRx4O4BBOwINLqMAd1KAOBCQ8wyu8OYnz4rw7H7PWnJPN7MMfOJ8/jgaQEg==</latexit>

L,L0 = J ± 1
<latexit sha1_base64="aDzRm7YNoKTJxSvtcTNE2UP5Qyw=">AAAB83icbVBNSwMxEJ31s9avqkcvwSIIQtktih6LXsRTRfsB7VqyabYNTbJLkhXKsn/DiwdFvPpnvPlvTNs9aOuDgcd7M8zMC2LOtHHdb2dpeWV1bb2wUdzc2t7ZLe3tN3WUKEIbJOKRagdYU84kbRhmOG3HimIRcNoKRtcTv/VElWaRfDDjmPoCDyQLGcHGSt3HtHp/6mXtXnqb9Uplt+JOgRaJl5My5Kj3Sl/dfkQSQaUhHGvd8dzY+ClWhhFOs2I30TTGZIQHtGOpxIJqP53enKFjq/RRGClb0qCp+nsixULrsQhsp8BmqOe9ifif10lMeOmnTMaJoZLMFoUJRyZCkwBQnylKDB9bgoli9lZEhlhhYmxMRRuCN//yImlWK955xb07K9eu8jgKcAhHcAIeXEANbqAODSAQwzO8wpuTOC/Ou/Mxa11y8pkD+APn8wc20JEm</latexit>

2S+1XJ

while
<latexit sha1_base64="zXMzNa21UD+VRbq/AE+JmiRpO4c="></latexit>

X = 0S0, 0P 0, 0D0, 0F 0, 0G0, ... for L = 0, 1, 2, 3, ...

e.g. 
<latexit sha1_base64="+H7o7/3mVFVNsB1vWCj0gcERcAs="></latexit>

3S1 : S = 1, L = L0 = 0, J = 1
3SD1 : S = 1, L = 0, L0 = 2, J = 1
1P1 : S = 0, L = L0 = J = 1

<latexit sha1_base64="7TT2MCwKJnaNgRXShKisgm6Wkv4=">AAACBHicbVDLSgMxFM34rPU16rKbYBFdlYwoiiAU3Yi4qNQ+oB2HTJq2oZnMkGSEMnThxl9x40IRt36EO//GTDsLbT1ww+Gce7m5x484Uxqhb2tufmFxaTm3kl9dW9/YtLe26yqMJaE1EvJQNn2sKGeC1jTTnDYjSXHgc9rwB5ep33igUrFQ3OlhRN0A9wTrMoK1kTy7cJ84o6qHzmAVnsObtPbNc20KeXYRldAYcJY4GSmCDBXP/mp3QhIHVGjCsVItB0XaTbDUjHA6yrdjRSNMBrhHW4YKHFDlJuMjRnDPKB3YDaUpoeFY/T2R4ECpYeCbzgDrvpr2UvE/rxXr7qmbMBHFmgoyWdSNOdQhTBOBHSYp0XxoCCaSmb9C0scSE21yy5sQnOmTZ0n9sOQcl9DtUbF8kcWRAwWwCw6AA05AGVyBCqgBAh7BM3gFb9aT9WK9Wx+T1jkrm9kBf2B9/gBIhpQA</latexit>

1S0 : S = L = L0 = J = 0

https://nn-online.org/

https://nn-online.org


Operators in partial wave representation

<latexit sha1_base64="sZs400lndi0U9U6V3otEipFIhZk="></latexit> X

S,MS

Z
dp

(2⇡)3
|pSMSi hpSMS | = 1

Normalisation of
vector-states: <latexit sha1_base64="/fqLfmg13bJrZYzSKhLO5hDG/x8="></latexit>

hp0S0MS0 |pSMSi = (2⇡)3�(p� p0)�SS0�MSMS0

Normalization of 
partial wave states:

(exercise!)

<latexit sha1_base64="SGje/w7Yzhr6W+GTd58DNqPXu4M="></latexit>

2

⇡

X

S,L,J,MJ

Z
dpp2 |p(LS)JMJi hp(LS)JMJ | = 1

<latexit sha1_base64="CjbT32EpeDIoeLvMN774uBnM6I0="></latexit>

V̂NNV̂NN ! 2

⇡

Z
dp̄p̄2

X

L̄

⌦
p0(L0S)J |VNN|p̄(L̄S)J

↵ ⌦
p̄(L̄S)J |VNN|p(LS)J

↵

<latexit sha1_base64="7c/NW9TRXMN4dwf68aXGMPrZ3ZE="></latexit>

hp0(L0S0)J 0MJ 0 |p(LS)JMJi =
⇡

2

�(p� p0)

pp0
�LL0�SS0�JJ 0�MJMJ0



Discretization

<latexit sha1_base64="FoVt81N3tNqPH9VgFp+jnOVGW6k="></latexit>

hp0i (L0S) J |VNN| pj(LS)Ji

For practical calculations tabulate matrix elements 

on a discrete mesh system 
<latexit sha1_base64="gVo3zodYilJHRYmzLb0snpnhVGI=">AAAB/XicbVDLSgNBEOyNrxhf6+PmZTAInsKuKHoMevEYwcRAdgmzk9lkyOyDmV4hLsFf8eJBEa/+hzf/xkmyB00saCiquunuClIpNDrOt1VaWl5ZXSuvVzY2t7Z37N29lk4yxXiTJTJR7YBqLkXMmyhQ8naqOI0Cye+D4fXEv3/gSoskvsNRyv2I9mMRCkbRSF37wJM8RC8naVcQT4n+AL1x1646NWcKskjcglShQKNrf3m9hGURj5FJqnXHdVL0c6pQMMnHFS/TPKVsSPu8Y2hMI679fHr9mBwbpUfCRJmKkUzV3xM5jbQeRYHpjCgO9Lw3Ef/zOhmGl34u4jRDHrPZojCTBBMyiYL0hOIM5cgQypQwtxI2oIoyNIFVTAju/MuLpHVac89rzu1ZtX5VxFGGQziCE3DhAupwAw1oAoNHeIZXeLOerBfr3fqYtZasYmYf/sD6/AFM4pUg</latexit>

{pi}

<latexit sha1_base64="nPVUUzSgITknCkx/Kv9FbdBU/cc=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEN5ZEFMVV0Y3LCvYBSSyT6aQdOnkwcyOWEPBX3LhQxK3f4c6/cdpmoa0HLhzOuZd77/ETwRVY1rdRWlhcWl4pr1bW1jc2t8ztnZaKU0lZk8Yilh2fKCZ4xJrAQbBOIhkJfcHa/vB67LcfmFQ8ju5glDAvJP2IB5wS0FLX3Euwe4kdF9gjZEGY32fHdu51zapVsybA88QuSBUVaHTNL7cX0zRkEVBBlHJsKwEvIxI4FSyvuKliCaFD0meOphEJmfKyyfk5PtRKDwex1BUBnqi/JzISKjUKfd0ZEhioWW8s/uc5KQQXXsajJAUW0emiIBUYYjzOAve4ZBTESBNCJde3YjogklDQiVV0CPbsy/OkdVKzz2rW7Wm1flXEUUb76AAdIRudozq6QQ3URBRl6Bm9ojfjyXgx3o2PaWvJKGZ20R8Ynz9icpUf</latexit>

p [fm�1]

<latexit sha1_base64="4Cv4QyES4fHqH4r4spYoEBbzOiM=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWAR3VgSURRXRTcuK9gHNLFMppN26OTBzI1YYhb+ihsXirj1N9z5N07bLLT1wIXDOfdy7z1eLLgCy/o2CnPzC4tLxeXSyura+oa5udVQUSIpq9NIRLLlEcUED1kdOAjWiiUjgSdY0xtcjfzmPZOKR+EtDGPmBqQXcp9TAlrqmDvxAXYucNsB9gCpH2R36ZGduR2zbFWsMfAssXNSRjlqHfPL6UY0CVgIVBCl2rYVg5sSCZwKlpWcRLGY0AHpsbamIQmYctPx/Rne10oX+5HUFQIeq78nUhIoNQw83RkQ6KtpbyT+57UT8M/dlIdxAiykk0V+IjBEeBQG7nLJKIihJoRKrm/FtE8koaAjK+kQ7OmXZ0njuGKfVqybk3L1Mo+jiHbRHjpENjpDVXSNaqiOKHpEz+gVvRlPxovxbnxMWgtGPrON/sD4/AHGNZVQ</latexit>

p0 [fm�1]

<latexit sha1_base64="p7fj/7+1W23RUwbQrDbS/Vd/1Tw="></latexit>

C (p, p0) =
2

⇡

Z
dp̄p̄2A(p, p̄)B (p̄, p0) ! Cij =

2

⇡

X

n

wnp̄
2
nAinBnj

By this all objects become discrete matrices and integrals turn into sums: 

mesh weights mesh points
<latexit sha1_base64="559YbWtRY1/EecnEUOQWEN8OkRA=">AAACKnicbVDLSgMxFM34rPU16tJNsAiuykxRdCO0unFZwT6gU4ZMmmnTZh4mGaWE+R43/oqbLpTi1g8x046grQcCh3PO5eYeL2ZUSMuaGiura+sbm4Wt4vbO7t6+eXDYFFHCMWngiEW87SFBGA1JQ1LJSDvmBAUeIy1vdJv5rSfCBY3CBzmOSTdA/ZD6FCOpJdesOR7iqpa6ig5TeA0dnyOsKqlyYppCRzxyqZ5dTWOXwto89aMOM3XomiWrbM0Al4mdkxLIUXfNidOLcBKQUGKGhOjYViy7CnFJMSNp0UkEiREeoT7paBqigIiump2awlOt9KAfcf1CCWfq7wmFAiHGgaeTAZIDsehl4n9eJ5H+VVfRME4kCfF8kZ8wKCOY9QZ7lBMs2VgThDnVf4V4gHRZUrdb1CXYiycvk2albF+UrfvzUvUmr6MAjsEJOAM2uARVcAfqoAEweAFv4B18GK/GxJgan/PoipHPHIE/ML6+AetoqDA=</latexit>

Āij =
2

⇡

p
wipiAij

p
wjpjBy defining

we can absorb all extra factors in the objects and conveniently 

write matrix products in the form:                          (sum convention)
<latexit sha1_base64="V1YdSuy52QVuqTy8857NLXlBVtQ=">AAACEXicbVC7TsMwFHV4lvIKMLJYVEidqgSBYEEq7cJYJPqQ2ihyXKd16ziR7SBVUX6BhV9hYQAhVjY2/gYnzQAtR7J0zrn36voeL2JUKsv6NlZW19Y3Nktb5e2d3b198+CwI8NYYNLGIQtFz0OSMMpJW1HFSC8SBAUeI11v2szq3QciJA35vZpFxAnQiFOfYqS05ZrVgYdE0kzdhE5SeA1zeZNJns5FQws+SV2zYtWsHHCZ2AWpgAIt1/waDEMcB4QrzJCUfduKlJMgoShmJC0PYkkihKdoRPqachQQ6ST5RSk81c4Q+qHQjyuYu78nEhRIOQs83RkgNZaLtcz8r9aPlX/l6OOiWBGO54v8mEEVwiweOKSCYMVmmiAsqP4rxGMkEFY6xLIOwV48eZl0zmr2Rc26O6/UG0UcJXAMTkAV2OAS1MEtaIE2wOARPINX8GY8GS/Gu/Exb10xipkj8AfG5w8A3p3E</latexit>

C̄ij = ĀinB̄nj



Python notebook version 0

A first look at some real-world interactions



Warm up problem:
the deuteron bound state

Schroedinger equation:
<latexit sha1_base64="HfwRImL53W14EH7eq+xXOWgCkJ4="></latexit>

(Trel + VNN) | Ei = E | Ei

Relative kinetic energy diagonal:
<latexit sha1_base64="M4pJ2hYGFFXP7AZ5TYUh/TG4OkY="></latexit>

hp0|Trel|pi =
p2

mN
(2⇡)3�(p� p0)

The interaction matrix elements are given in units of
corresponding to a unit system with  

<latexit sha1_base64="8+ujXfRW9B7ndi2irW9T82+hsf0=">AAACEXicbVDJSgNBEO1xN25Rj14ag5BTmBFFL4LoxVOIYBbIDKGnU5M06VnorhHDML/gxV/x4kERr968+Td2loMmPih4vFdFVT0/kUKjbX9bC4tLyyura+uFjc2t7Z3i7l5Dx6niUOexjFXLZxqkiKCOAiW0EgUs9CU0/cH1yG/eg9Iiju5wmIAXsl4kAsEZGqlTLLsSAmzTRidzER4wq1bznLpK9Pro0Qs6EYMw7xRLdsUeg84TZ0pKZIpap/jldmOehhAhl0zrtmMn6GVMoeAS8oKbakgYH7AetA2NWAjay8Yf5fTIKF0axMpUhHSs/p7IWKj1MPRNZ8iwr2e9kfif104xOPcyESUpQsQni4JUUozpKB7aFQo4yqEhjCthbqW8zxTjaEIsmBCc2ZfnSeO44pxW7NuT0uXVNI41ckAOSZk45IxckhtSI3XCySN5Jq/kzXqyXqx362PSumBNZ/bJH1ifP50UnYM=</latexit>

[VNN] = fm
<latexit sha1_base64="gYRggL/XOG7dw0qHgrpL2JuKmlM=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKohch6MWTRDAPSJYwO5lNhsxjmZkVwpKP8OJBEa9+jzf/xkmyB00saCiquunuihLOjPX9b6+wsrq2vlHcLG1t7+zulfcPmkalmtAGUVzpdoQN5UzShmWW03aiKRYRp61odDv1W09UG6bkox0nNBR4IFnMCLZOaonePbpGQa9c8av+DGiZBDmpQI56r/zV7SuSCiot4diYTuAnNsywtoxwOil1U0MTTEZ4QDuOSiyoCbPZuRN04pQ+ipV2JS2aqb8nMiyMGYvIdQpsh2bRm4r/eZ3UxldhxmSSWirJfFGccmQVmv6O+kxTYvnYEUw0c7ciMsQaE+sSKrkQgsWXl0nzrBpcVP2H80rtJo+jCEdwDKcQwCXU4A7q0AACI3iGV3jzEu/Fe/c+5q0FL585hD/wPn8AyQmOjA==</latexit>

mN = 1



Warm up problem:
the deuteron bound state

What are the quantum numbers of the deuteron?
What is the suitable basis representation for the problem?

Schroedinger equation:
<latexit sha1_base64="HfwRImL53W14EH7eq+xXOWgCkJ4="></latexit>

(Trel + VNN) | Ei = E | Ei

Relative kinetic energy diagonal:
<latexit sha1_base64="M4pJ2hYGFFXP7AZ5TYUh/TG4OkY="></latexit>

hp0|Trel|pi =
p2

mN
(2⇡)3�(p� p0)

The interaction matrix elements are given in units of
corresponding to a unit system with  

<latexit sha1_base64="8+ujXfRW9B7ndi2irW9T82+hsf0=">AAACEXicbVDJSgNBEO1xN25Rj14ag5BTmBFFL4LoxVOIYBbIDKGnU5M06VnorhHDML/gxV/x4kERr968+Td2loMmPih4vFdFVT0/kUKjbX9bC4tLyyura+uFjc2t7Z3i7l5Dx6niUOexjFXLZxqkiKCOAiW0EgUs9CU0/cH1yG/eg9Iiju5wmIAXsl4kAsEZGqlTLLsSAmzTRidzER4wq1bznLpK9Pro0Qs6EYMw7xRLdsUeg84TZ0pKZIpap/jldmOehhAhl0zrtmMn6GVMoeAS8oKbakgYH7AetA2NWAjay8Yf5fTIKF0axMpUhHSs/p7IWKj1MPRNZ8iwr2e9kfif104xOPcyESUpQsQni4JUUozpKB7aFQo4yqEhjCthbqW8zxTjaEIsmBCc2ZfnSeO44pxW7NuT0uXVNI41ckAOSZk45IxckhtSI3XCySN5Jq/kzXqyXqx362PSumBNZ/bJH1ifP50UnYM=</latexit>

[VNN] = fm
<latexit sha1_base64="gYRggL/XOG7dw0qHgrpL2JuKmlM=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKohch6MWTRDAPSJYwO5lNhsxjmZkVwpKP8OJBEa9+jzf/xkmyB00saCiquunuihLOjPX9b6+wsrq2vlHcLG1t7+zulfcPmkalmtAGUVzpdoQN5UzShmWW03aiKRYRp61odDv1W09UG6bkox0nNBR4IFnMCLZOaonePbpGQa9c8av+DGiZBDmpQI56r/zV7SuSCiot4diYTuAnNsywtoxwOil1U0MTTEZ4QDuOSiyoCbPZuRN04pQ+ipV2JS2aqb8nMiyMGYvIdQpsh2bRm4r/eZ3UxldhxmSSWirJfFGccmQVmv6O+kxTYvnYEUw0c7ciMsQaE+sSKrkQgsWXl0nzrBpcVP2H80rtJo+jCEdwDKcQwCXU4A7q0AACI3iGV3jzEu/Fe/c+5q0FL585hD/wPn8AyQmOjA==</latexit>

mN = 1



Warm up problem:
the deuteron bound state

What are the quantum numbers of the deuteron?
What is the suitable basis representation for the problem?

Schroedinger equation:
<latexit sha1_base64="HfwRImL53W14EH7eq+xXOWgCkJ4="></latexit>

(Trel + VNN) | Ei = E | Ei

Relative kinetic energy diagonal:
<latexit sha1_base64="M4pJ2hYGFFXP7AZ5TYUh/TG4OkY="></latexit>

hp0|Trel|pi =
p2

mN
(2⇡)3�(p� p0)

The interaction matrix elements are given in units of
corresponding to a unit system with  

<latexit sha1_base64="8+ujXfRW9B7ndi2irW9T82+hsf0=">AAACEXicbVDJSgNBEO1xN25Rj14ag5BTmBFFL4LoxVOIYBbIDKGnU5M06VnorhHDML/gxV/x4kERr968+Td2loMmPih4vFdFVT0/kUKjbX9bC4tLyyura+uFjc2t7Z3i7l5Dx6niUOexjFXLZxqkiKCOAiW0EgUs9CU0/cH1yG/eg9Iiju5wmIAXsl4kAsEZGqlTLLsSAmzTRidzER4wq1bznLpK9Pro0Qs6EYMw7xRLdsUeg84TZ0pKZIpap/jldmOehhAhl0zrtmMn6GVMoeAS8oKbakgYH7AetA2NWAjay8Yf5fTIKF0axMpUhHSs/p7IWKj1MPRNZ8iwr2e9kfif104xOPcyESUpQsQni4JUUozpKB7aFQo4yqEhjCthbqW8zxTjaEIsmBCc2ZfnSeO44pxW7NuT0uXVNI41ckAOSZk45IxckhtSI3XCySN5Jq/kzXqyXqx362PSumBNZ/bJH1ifP50UnYM=</latexit>

[VNN] = fm
<latexit sha1_base64="gYRggL/XOG7dw0qHgrpL2JuKmlM=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKohch6MWTRDAPSJYwO5lNhsxjmZkVwpKP8OJBEa9+jzf/xkmyB00saCiquunuihLOjPX9b6+wsrq2vlHcLG1t7+zulfcPmkalmtAGUVzpdoQN5UzShmWW03aiKRYRp61odDv1W09UG6bkox0nNBR4IFnMCLZOaonePbpGQa9c8av+DGiZBDmpQI56r/zV7SuSCiot4diYTuAnNsywtoxwOil1U0MTTEZ4QDuOSiyoCbPZuRN04pQ+ipV2JS2aqb8nMiyMGYvIdQpsh2bRm4r/eZ3UxldhxmSSWirJfFGccmQVmv6O+kxTYvnYEUw0c7ciMsQaE+sSKrkQgsWXl0nzrBpcVP2H80rtJo+jCEdwDKcQwCXU4A7q0AACI3iGV3jzEu/Fe/c+5q0FL585hD/wPn8AyQmOjA==</latexit>

mN = 1

<latexit sha1_base64="lvj4oklnB7hRahUsBisUpjQMv2w=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68VjBfkAbymY7bdduNnF3Uyghv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLYsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJQohnUWiUi1AqpRcIl1w43AVqyQhoHAZjC6nfrNMSrNI/lgJjH6IR1I3ueMGiv5nYCqtJF1U/6YkW6p7FbcGcgy8XJShhy1bumr04tYEqI0TFCt254bGz+lynAmMCt2Eo0xZSM6wLalkoao/XR2dEZOrdIj/UjZkobM1N8TKQ21noSB7QypGepFbyr+57UT07/2Uy7jxKBk80X9RBATkWkCpMcVMiMmllCmuL2VsCFVlBmbU9GG4C2+vEwa5xXvsuLeX5SrN3kcBTiGEzgDD66gCndQgzoweIJneIU3Z+y8OO/Ox7x1xclnjuAPnM8f30+SKQ==</latexit>

V̄ijWhat are the units of the matrix        ?



Warm up problem:
the deuteron bound state

What are the quantum numbers of the deuteron?
What is the suitable basis representation for the problem?

Schroedinger equation:
<latexit sha1_base64="HfwRImL53W14EH7eq+xXOWgCkJ4="></latexit>

(Trel + VNN) | Ei = E | Ei

<latexit sha1_base64="f7vk4bX6/w+RoyjqMj4Cwi8fyMA=">AAACBnicbVDLSgNBEJz1GeNr1aMIg0GIIGFXFD0GvXgKEcwDknWZnUySMbMPZnrFsOzJi7/ixYMiXv0Gb/6Nk2QPmljQUFR1093lRYIrsKxvY25+YXFpObeSX11b39g0t7brKowlZTUailA2PaKY4AGrAQfBmpFkxPcEa3iDy5HfuGdS8TC4gWHEHJ/0At7llICWXHOv7iZtYA+QVCppeptYVoqLkcuPcOTeHbpmwSpZY+BZYmekgDJUXfOr3Qlp7LMAqCBKtWwrAichEjgVLM23Y8UiQgekx1qaBsRnyknGb6T4QCsd3A2lrgDwWP09kRBfqaHv6U6fQF9NeyPxP68VQ/fcSXgQxcACOlnUjQWGEI8ywR0uGQUx1IRQyfWtmPaJJBR0cnkdgj398iypH5fs05J1fVIoX2Rx5NAu2kdFZKMzVEZXqIpqiKJH9Ixe0ZvxZLwY78bHpHXOyGZ20B8Ynz/lPZgX</latexit>

V 00
NN(pi, pj)

<latexit sha1_base64="di2IqHvRaiQgtqbkPn35RcSpc5o=">AAACBnicbVDLSgNBEJyNrxhfqx5FGAxCBAm7QdFj0IunEME8IInL7GSSjJl9MNMrhmVPXvwVLx4U8eo3ePNvnCR70MSChqKqm+4uNxRcgWV9G5mFxaXllexqbm19Y3PL3N6pqyCSlNVoIALZdIligvusBhwEa4aSEc8VrOEOL8d+455JxQP/BkYh63ik7/MepwS05Jj7dSduA3uAuFJJktvYKiW4EDr8GIfO3ZFj5q2iNQGeJ3ZK8ihF1TG/2t2ARh7zgQqiVMu2QujERAKngiW5dqRYSOiQ9FlLU594THXiyRsJPtRKF/cCqcsHPFF/T8TEU2rkubrTIzBQs95Y/M9rRdA778TcDyNgPp0u6kUCQ4DHmeAul4yCGGlCqOT6VkwHRBIKOrmcDsGefXme1EtF+7RoXZ/kyxdpHFm0hw5QAdnoDJXRFaqiGqLoET2jV/RmPBkvxrvxMW3NGOnMLvoD4/MH6F2YGQ==</latexit>

V 02
NN(pi, pj)

<latexit sha1_base64="pj710n2in0chQvq1G1jgBrIse+U=">AAACBnicbVDLSgNBEJyNrxhfqx5FGAxCBAm7QdFj0IunEME8IInL7GSSjJl9MNMrhmVPXvwVLx4U8eo3ePNvnCR70MSChqKqm+4uNxRcgWV9G5mFxaXllexqbm19Y3PL3N6pqyCSlNVoIALZdIligvusBhwEa4aSEc8VrOEOL8d+455JxQP/BkYh63ik7/MepwS05Jj7dSduA3uAuFJJktu4ZCW4EDr8GIfO3ZFj5q2iNQGeJ3ZK8ihF1TG/2t2ARh7zgQqiVMu2QujERAKngiW5dqRYSOiQ9FlLU594THXiyRsJPtRKF/cCqcsHPFF/T8TEU2rkubrTIzBQs95Y/M9rRdA778TcDyNgPp0u6kUCQ4DHmeAul4yCGGlCqOT6VkwHRBIKOrmcDsGefXme1EtF+7RoXZ/kyxdpHFm0hw5QAdnoDJXRFaqiGqLoET2jV/RmPBkvxrvxMW3NGOnMLvoD4/MH6F+YGQ==</latexit>

V 20
NN(pi, pj)

<latexit sha1_base64="VMTXZZUAvR08k0fs71gLuM9dstQ=">AAACBnicbVDLSgNBEJyNrxhfqx5FGAxCBAm7QdFj0IunEME8IInL7GSSjJl9MNMrhmVPXvwVLx4U8eo3ePNvnCR70MSChqKqm+4uNxRcgWV9G5mFxaXllexqbm19Y3PL3N6pqyCSlNVoIALZdIligvusBhwEa4aSEc8VrOEOL8d+455JxQP/BkYh63ik7/MepwS05Jj7dSduA3uAuFJJktu4VEpwIXT4MQ6duyPHzFtFawI8T+yU5FGKqmN+tbsBjTzmAxVEqZZthdCJiQROBUty7UixkNAh6bOWpj7xmOrEkzcSfKiVLu4FUpcPeKL+noiJp9TIc3WnR2CgZr2x+J/XiqB33om5H0bAfDpd1IsEhgCPM8FdLhkFMdKEUMn1rZgOiCQUdHI5HYI9+/I8qZeK9mnRuj7Jly/SOLJoDx2gArLRGSqjK1RFNUTRI3pGr+jNeDJejHfjY9qaMdKZXfQHxucP63+YGw==</latexit>

V 22
NN(pi, pj)

Relative kinetic energy diagonal:
<latexit sha1_base64="M4pJ2hYGFFXP7AZ5TYUh/TG4OkY="></latexit>

hp0|Trel|pi =
p2

mN
(2⇡)3�(p� p0)

The interaction matrix elements are given in units of
corresponding to a unit system with  

<latexit sha1_base64="8+ujXfRW9B7ndi2irW9T82+hsf0=">AAACEXicbVDJSgNBEO1xN25Rj14ag5BTmBFFL4LoxVOIYBbIDKGnU5M06VnorhHDML/gxV/x4kERr968+Td2loMmPih4vFdFVT0/kUKjbX9bC4tLyyura+uFjc2t7Z3i7l5Dx6niUOexjFXLZxqkiKCOAiW0EgUs9CU0/cH1yG/eg9Iiju5wmIAXsl4kAsEZGqlTLLsSAmzTRidzER4wq1bznLpK9Pro0Qs6EYMw7xRLdsUeg84TZ0pKZIpap/jldmOehhAhl0zrtmMn6GVMoeAS8oKbakgYH7AetA2NWAjay8Yf5fTIKF0axMpUhHSs/p7IWKj1MPRNZ8iwr2e9kfif104xOPcyESUpQsQni4JUUozpKB7aFQo4yqEhjCthbqW8zxTjaEIsmBCc2ZfnSeO44pxW7NuT0uXVNI41ckAOSZk45IxckhtSI3XCySN5Jq/kzXqyXqx362PSumBNZ/bJH1ifP50UnYM=</latexit>

[VNN] = fm
<latexit sha1_base64="gYRggL/XOG7dw0qHgrpL2JuKmlM=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKohch6MWTRDAPSJYwO5lNhsxjmZkVwpKP8OJBEa9+jzf/xkmyB00saCiquunuihLOjPX9b6+wsrq2vlHcLG1t7+zulfcPmkalmtAGUVzpdoQN5UzShmWW03aiKRYRp61odDv1W09UG6bkox0nNBR4IFnMCLZOaonePbpGQa9c8av+DGiZBDmpQI56r/zV7SuSCiot4diYTuAnNsywtoxwOil1U0MTTEZ4QDuOSiyoCbPZuRN04pQ+ipV2JS2aqb8nMiyMGYvIdQpsh2bRm4r/eZ3UxldhxmSSWirJfFGccmQVmv6O+kxTYvnYEUw0c7ciMsQaE+sSKrkQgsWXl0nzrBpcVP2H80rtJo+jCEdwDKcQwCXU4A7q0AACI3iGV3jzEu/Fe/c+5q0FL585hD/wPn8AyQmOjA==</latexit>

mN = 1

<latexit sha1_base64="lvj4oklnB7hRahUsBisUpjQMv2w=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68VjBfkAbymY7bdduNnF3Uyghv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLYsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJQohnUWiUi1AqpRcIl1w43AVqyQhoHAZjC6nfrNMSrNI/lgJjH6IR1I3ueMGiv5nYCqtJF1U/6YkW6p7FbcGcgy8XJShhy1bumr04tYEqI0TFCt254bGz+lynAmMCt2Eo0xZSM6wLalkoao/XR2dEZOrdIj/UjZkobM1N8TKQ21noSB7QypGepFbyr+57UT07/2Uy7jxKBk80X9RBATkWkCpMcVMiMmllCmuL2VsCFVlBmbU9GG4C2+vEwa5xXvsuLeX5SrN3kcBTiGEzgDD66gCndQgzoweIJneIU3Z+y8OO/Ox7x1xclnjuAPnM8f30+SKQ==</latexit>

V̄ij

Exercise: represent the problem in matrix form and 
determine binding energy via numerical diagonalization.

What are the units of the matrix        ?

Calculate and visualize the wave function, including the separate S-wave 
and D-wave contributions


