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THE VENEZIANO AMPLITUDE [Veneziano 1968]

<latexit sha1_base64="tBq3GlKhO6x6MVVAk3ArQGDQvGY="></latexit>

A(s, t) =
�(�↵(s))�(�↵(t))

�(�↵(s)� ↵(t))

Behind the Veneziano amplitude there is 
the mechanical model of a vibrating string

<latexit sha1_base64="lJgUD9DimgBa1W+InG2D+sg+Y+8="></latexit>

A(s, t) ' (�1)n

n! (n� 1� ↵0s)

�(�1� ↵0t)

�(�1� n� ↵0t)

<latexit sha1_base64="XFSVf5sEcS7WLx/PmOcC/fo6kCg=">AAACB3icbVDLSgNBEJyNrxhfqx4FGQxiRAm7EtSDQsCLxwjmAdkl9E4myZDZBzOzwrLk5sVf8eJBEa/+gjf/xkmyB00saCiquunu8iLOpLKsbyO3sLi0vJJfLaytb2xumds7DRnGgtA6CXkoWh5IyllA64opTluRoOB7nDa94c3Ybz5QIVkY3Kskoq4P/YD1GAGlpY657wCPBoBLyTG+xjY+wZlwhJ1TnHTMolW2JsDzxM5IEWWodcwvpxuS2KeBIhykbNtWpNwUhGKE01HBiSWNgAyhT9uaBuBT6aaTP0b4UCtd3AuFrkDhifp7IgVfysT3dKcPaiBnvbH4n9eOVe/STVkQxYoGZLqoF3OsQjwOBXeZoETxRBMggulbMRmAAKJ0dAUdgj378jxpnJXt83LlrlKsXmVx5NEeOkAlZKMLVEW3qIbqiKBH9Ixe0ZvxZLwY78bHtDVnZDO76A+Mzx/zBJYp</latexit>

↵(y) = 1 + ↵0 y

<latexit sha1_base64="TNm5QJDp6kOtM78vlybzAOIkwg8=">AAAB/XicbVDLSgNBEOz1GeNrfdy8DAYxHoy7IagHhYAXL0IE84AkhtnJJBkyO7vMzApxCf6KFw+KePU/vPk3TpI9aGJBQ1HVTXeXF3KmtON8W3PzC4tLy6mV9Ora+samvbVdUUEkCS2TgAey5mFFORO0rJnmtBZKin2P06rXvxr51QcqFQvEnR6EtOnjrmAdRrA2UsvevbnPo0uUFcfu0UkD87CH0WHLzjg5Zww0S9yEZCBBqWV/NdoBiXwqNOFYqbrrhLoZY6kZ4XSYbkSKhpj0cZfWDRXYp6oZj68fogOjtFEnkKaERmP190SMfaUGvmc6fax7atobif959Uh3zpsxE2GkqSCTRZ2IIx2gURSozSQlmg8MwUQycysiPSwx0SawtAnBnX55llTyOfc0V7gtZIoXSRwp2IN9yIILZ1CEayhBGQg8wjO8wpv1ZL1Y79bHpHXOSmZ24A+szx+kFpLF</latexit>

M2 = (n� 1)/↵0

polynomial of 
degree n in t

<latexit sha1_base64="TG27W5bCz1t8mMWyGAjwH3lJNLo=">AAACDnicbVDLSgMxFM3UV62vUZdugqVYoZaZUtRl1Y3LCvYBnbFk0rQNTSZDkhHK0C9w46+4caGIW9fu/BvTdhZaPXDhcM693HtPEDGqtON8WZml5ZXVtex6bmNza3vH3t1rKhFLTBpYMCHbAVKE0ZA0NNWMtCNJEA8YaQWjq6nfuidSURHe6nFEfI4GIe1TjLSRunbhoqhK+hh6inJI7pIT6CEWDRE8gsorQY+JAaxMunbeKTszwL/ETUkepKh37U+vJ3DMSagxQ0p1XCfSfoKkppiRSc6LFYkQHqEB6RgaIk6Un8zemcCCUXqwL6SpUMOZ+nMiQVypMQ9MJ0d6qBa9qfif14l1/9xPaBjFmoR4vqgfM6gFnGYDe1QSrNnYEIQlNbdCPEQSYW0SzJkQ3MWX/5Jmpeyelqs31XztMo0jCw7AISgCF5yBGrgGddAAGDyAJ/ACXq1H69l6s97nrRkrndkHv2B9fAP195mM</latexit>

A(s, t) ⇠ e�↵0s log 2 <latexit sha1_base64="fHxftBMcQpCDyTX+/lojp0nce9E=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BIvgQUoiRT14KHjxWMF+QBPKZrtpl242cXdSCKW/w4sHRbz6Y7z5b9y2OWjrg4HHezPMzAsSwTU6zrdVWFvf2Nwqbpd2dvf2D8qHRy0dp4qyJo1FrDoB0UxwyZrIUbBOohiJAsHawehu5rfHTGkey0fMEuZHZCB5yClBI/n6Aj2MbY/LELNeueJUnTnsVeLmpAI5Gr3yl9ePaRoxiVQQrbuuk6A/IQo5FWxa8lLNEkJHZMC6hkoSMe1P5kdP7TOj9O0wVqYk2nP198SERFpnUWA6I4JDvezNxP+8borhjT/hMkmRSbpYFKbCNn/OErD7XDGKIjOEUMXNrTYdEkUompxKJgR3+eVV0rqsulfV2kOtUr/N4yjCCZzCObhwDXW4hwY0gcITPMMrvFlj68V6tz4WrQUrnzmGP7A+fwCRg5H3</latexit>

s, t ! 1



RIGID RELATIVISTIC ROD

Regge behaviour

<latexit sha1_base64="O0k7d/5Zx7zhP0eeV1fd0D+ZyCM="></latexit>

M =

Z `

�`

⇢ c2 drp
1� v2/c2

= ⇡⇢c2`

<latexit sha1_base64="LBGRFFoWeuVZwAHjN7Uj8CMcYCE="></latexit>

J =

Z `

�`

⇢ c2 r v drp
1� v2/c2

=
⇡

2
⇢c2`2

<latexit sha1_base64="azczXGEq7rIvdfmtJpUqmuVl5bg=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBA8JbsS1INCwIvHCOYB2SXMTnqTIbMPZmYDYclvePGgiFd/xpt/4yTZgyYWNBRV3XR3+YngStv2t7W2vrG5tV3YKe7u7R8clo6OWypOJcMmi0UsOz5VKHiETc21wE4ikYa+wLY/up/57TFKxePoSU8S9EI6iHjAGdVGcsdVRu6IrLooRK9Utiv2HGSVODkpQ45Gr/Tl9mOWhhhpJqhSXcdOtJdRqTkTOC26qcKEshEdYNfQiIaovGx+85ScG6VPgliaijSZq78nMhoqNQl90xlSPVTL3kz8z+umOrjxMh4lqcaILRYFqSA6JrMASJ9LZFpMDKFMcnMrYUMqKdMmpqIJwVl+eZW0LivOVaX2WCvXb/M4CnAKZ3ABDlxDHR6gAU1gkMAzvMKblVov1rv1sWhds/KZE/gD6/MHiKaQtA==</latexit>

v/c = r/`

<latexit sha1_base64="y/NDV7x2eAh/J7ladBTMzwbGL1Q=">AAACJnicbVDLSsNAFJ34rPUVdelmsIiuSlKKuikUuhFBqGAf0MQymU7aoZNMnJkUSsjXuPFX3LioiLjzU5y2WdTWAxfOnHMvc+/xIkalsqxvY219Y3NrO7eT393bPzg0j46bkscCkwbmjIu2hyRhNCQNRRUj7UgQFHiMtLxhbeq3RkRIysNHNY6IG6B+SH2KkdJS16w4vkA4uUuT+6dSCitw/rbTxImoIwYcYq075DmmowUPsWiALtKuWbCK1gxwldgZKYAM9a45cXocxwEJFWZIyo5tRcpNkFAUM5LmnViSCOEh6pOOpiEKiHST2ZkpPNdKD/pc6AoVnKmLEwkKpBwHnu4MkBrIZW8q/ud1YuXfuAkNo1iREM8/8mMGFYfTzGCPCoIVG2uCsKB6V4gHSGehdLJ5HYK9fPIqaZaK9lWx/FAuVGtZHDlwCs7AJbDBNaiCW1AHDYDBC3gDE/BhvBrvxqfxNW9dM7KZE/AHxs8vr+2l8Q==</latexit>

J

M2
=

1

⇡⇢c2
⌘ 1

↵0



OUTLINE

(CLOSED) SUPERSTRINGS IN D=10

OPEN STRINGS AND D-BRANES

COMPACTIFICATION

1

2

3

SUPERSYMMETRY BREAKING 4



THE MECHANICAL MODEL OF A VIBRATING STRING

<latexit sha1_base64="NWUIdNjEnOkyBtJIodQf1fySTuQ="></latexit>

S = Area =
1

2⇡↵0

Z
d�d⌧

q
Ẋ2 X 0 2 � (Ẋ ·X 0)2

<latexit sha1_base64="r27s6cwAGuNBVDAM7JipdWUIHBM=">AAACB3icbVDLSgMxFM3UV62vUZeCBItQQcqMiLpQKLhxWcE+oDOWTJq2oUlmyEMoQ3du/BU3LhRx6y+4829M21lo64HLPZxzL8k9UcKo0p737eQWFpeWV/KrhbX1jc0td3unrmIjManhmMWyGSFFGBWkpqlmpJlIgnjESCMaXI/9xgORisbiTg8TEnLUE7RLMdJWarv7zfuAG3gFp70UKNrjCB7DQCMDj9pu0St7E8B54mekCDJU2+5X0Imx4URozJBSLd9LdJgiqSlmZFQIjCIJwgPUIy1LBeJEhenkjhE8tEoHdmNpS2g4UX9vpIgrNeSRneRI99WsNxb/81pGdy/ClIrEaCLw9KGuYVDHcBwK7FBJsGZDSxCW1P4V4j6SCGsbXcGG4M+ePE/qJ2X/rOzfnhYrl1kcebAHDkAJ+OAcVMANqIIawOARPINX8OY8OS/Ou/MxHc052c4u+APn8we+85dM</latexit>

Xµ = Xµ(�, ⌧)

<latexit sha1_base64="bTGZe3vJJkJuTzYMH8XVxAg7Y5Q=">AAACIXicbZDLSgMxFIYz9VbrrerSTbAoFWuZEdEuXBTcuKxgL9AZSibNtKGZzJCcEUrpq7jxVdy4UKQ78WVM21lo64GEj/8/h+T8fiy4Btv+sjIrq2vrG9nN3Nb2zu5efv+goaNEUVankYhUyyeaCS5ZHTgI1ooVI6EvWNMf3E395hNTmkfyEYYx80LSkzzglICROvnKKXY174UEu1zitl1yY+5h180ZHUgyU4sX5g5giEv4PKUz3MkX7LI9K7wMTgoFlFatk5+43YgmIZNABdG67dgxeCOigFPBxjk30SwmdEB6rG1QkpBpbzTbcIxPjNLFQaTMkYBn6u+JEQm1Hoa+6QwJ9PWiNxX/89oJBBVvxGWcAJN0/lCQCAwRnsaFu1wxCmJogFDFzV8x7RNFKJhQcyYEZ3HlZWhclp3rsvNwVajepnFk0RE6RkXkoBtURfeohuqIomf0it7Rh/VivVmf1mTemrHSmUP0p6zvH156n+w=</latexit>

� 2 [0,⇡]

⌧ 2 (�1,+1)

Nambu-Goto Action



THE MECHANICAL MODEL OF A VIBRATING STRING

(Brink-Di Vecchia-Howe) Polyakov Action

<latexit sha1_base64="Tq3U2rtNRuxRlDS+48P+M8g0aXk="></latexit>

S = � 1

4⇡↵0

Z
d�d⌧

p
hh↵�@↵X

µ@�X
⌫ ⌘µ⌫

SYMMETRIES

D-dimensional Poincaré
2d diffeomorphism

2d Weyl transformation

<latexit sha1_base64="n8JdWKV51lQbaGb3drJUV2tkncc=">AAACF3icbVBNS8MwGE7n15xfVY9egkMQhNKKqAeFgRcPHia4D1hrSdN0C0vTkqTCKPsXXvwrXjwo4lVv/hvTbgfdfCHhyfO8D2/eJ0gZlcq2v43KwuLS8kp1tba2vrG5ZW7vtGWSCUxaOGGJ6AZIEkY5aSmqGOmmgqA4YKQTDK8KvfNAhKQJv1OjlHgx6nMaUYyUpnzTckPCFILdezfO4CV0b7Q3RMUrH/suzwpF30ew5Hyzblt2WXAeOFNQB9Nq+uaXGyY4iwlXmCEpe46dKi9HQlHMyLjmZpKkCA9Rn/Q05Cgm0svLvcbwQDMhjBKhD1ewZH87chRLOYoD3RkjNZCzWkH+p/UyFZ17OeVppgjHk0FRxqBKYBESDKkgWLGRBggLqv8K8QAJhJWOsqZDcGZXngftY8s5tZzbk3rjYhpHFeyBfXAIHHAGGuAaNEELYPAInsEreDOejBfj3fiYtFaMqWcX/Cnj8wdGT566</latexit>

�Xµ = ⇤µ
⌫X

⌫ + aµ

<latexit sha1_base64="X2WmkoGlsfGMGggSFNWEqR2nXlU=">AAACFHicbVDLSsNAFJ34rPUVdelmsAgVoSQi6kKh4MZlBfuAJpabyaQdOnkwMxFL6Ee48VfcuFDErQt3/o3TNoK2Hrhw5px7mXuPl3AmlWV9GXPzC4tLy4WV4ura+samubXdkHEqCK2TmMei5YGknEW0rpjitJUICqHHadPrX4785h0VksXRjRok1A2hG7GAEVBa6piHjk+5AuxI1g3h1gGe9ABfYOee/TzKEw8fdMySVbHGwLPEzkkJ5ah1zE/Hj0ka0kgRDlK2bStRbgZCMcLpsOikkiZA+tClbU0jCKl0s/FRQ7yvFR8HsdAVKTxWf09kEEo5CD3dGYLqyWlvJP7ntVMVnLkZi5JU0YhMPgpSjlWMRwlhnwlKFB9oAkQwvSsmPRBAlM6xqEOwp0+eJY2jin1Ssa+PS9XzPI4C2kV7qIxsdIqq6ArVUB0R9ICe0At6NR6NZ+PNeJ+0zhn5zA76A+PjGwlqnYQ=</latexit>

��↵ = ⇠↵(�)

<latexit sha1_base64="Vk+GY9XyTA0QhclKwFA0a4DNNZc=">AAACKHicbVDLSgMxFM34rPVVdekmWASFUmZE1IViwY3LCvYBnVLupLdtaDIzJBmhDP0cN/6KGxFFuvVLTB+LWj0QODnnXJJ7glhwbVx35Cwtr6yurWc2sptb2zu7ub39qo4SxbDCIhGpegAaBQ+xYrgRWI8VggwE1oL+3divPaHSPAofzSDGpoRuyDucgbFSK3frt1EYoL1W6oOIe0D9AO19SG+oH0nsAj3xNe9KoKd+YS5WmOSGrVzeLboT0L/Em5E8maHcyr377YglEkPDBGjd8NzYNFNQhjOBw6yfaIyB9aGLDUtDkKib6WTRIT22Spt2ImVPaOhEnZ9IQWo9kIFNSjA9veiNxf+8RmI6V82Uh3FiMGTThzqJoCai49ZomytkRgwsAaa4/StlPVDAjO02a0vwFlf+S6pnRe+i6D2c50vXszoy5JAckRPikUtSIvekTCqEkWfySj7Ip/PivDlfzmgaXXJmMwfkF5zvH2IOpO0=</latexit>

�h↵� = !(�)h↵,�

<latexit sha1_base64="BRyEQRvgV1+e+6wrWNqhQCZtHWs=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoiRT0WvHisYD+gCWGy3TRLN5uwuxFq6C/x4kERr/4Ub/4bt20O2vpg4PHeDDPzwowzpR3n26psbG5t71R3a3v7B4d1++i4p9JcEtolKU/lIARFORO0q5nmdJBJCknIaT+c3M79/iOViqXiQU8z6icwFixiBLSRArseB4UHPIvBC6mGWWA3nKazAF4nbkkaqEQnsL+8UUryhApNOCg1dJ1M+wVIzQins5qXK5oBmcCYDg0VkFDlF4vDZ/jcKCMcpdKU0Hih/p4oIFFqmoSmMwEdq1VvLv7nDXMd3fgFE1muqSDLRVHOsU7xPAU8YpISzaeGAJHM3IpJDBKINlnVTAju6svrpHfZdK+arftWo90u46iiU3SGLpCLrlEb3aEO6iKCcvSMXtGb9WS9WO/Wx7K1YpUzJ+gPrM8fGGOTYQ==</latexit>

h↵�



THE MECHANICAL MODEL OF A VIBRATING STRING

Equations of motion
<latexit sha1_base64="pLwwSDODFSQ6fbQ8WFcavvuM+Nc=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUS9CqRePFewHtGvJptk2NNmsSbZYlv4OLx4U8eqP8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aGiZKELrRHKpWgHWlLOI1g0znLZiRbEIOG0Gw5up3xxRpZmM7s04pr7A/YiFjGBjJb9TlU+o9dARCbp2u8WSW3ZnQMvEy0gJMtS6xa9OT5JE0MgQjrVue25s/BQrwwink0In0TTGZIj7tG1phAXVfjo7eoJOrNJDoVS2IoNm6u+JFAutxyKwnQKbgV70puJ/Xjsx4ZWfsihODI3IfFGYcGQkmiaAekxRYvjYEkwUs7ciMsAKE2NzKtgQvMWXl0njrOxdlL2781KlmsWRhyM4hlPw4BIqcAs1qAOBR3iGV3hzRs6L8+58zFtzTjZzCH/gfP4AUkGRKA==</latexit>⇤Xµ = 0

<latexit sha1_base64="zSrqrbxVcY/KtZ5oqsz8XVmp3b0=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KIqBeh6MVjhX5BE8Jku22XbjZhdyOEUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFyacKe0431ZpbX1jc6u8XdnZ3ds/sA+POipOJaFtEvNY9kJQlDNB25ppTnuJpBCFnHbDyd3M7z5SqVgsWjpLqB/BSLAhI6CNFNjVVpB7wJMxYC+kGqb4xgnsmlN35sCrxC1IDRVoBvaXN4hJGlGhCQel+q6TaD8HqRnhdFrxUkUTIBMY0b6hAiKq/Hx+/BSfGmWAh7E0JTSeq78ncoiUyqLQdEagx2rZm4n/ef1UD6/9nIkk1VSQxaJhyrGO8SwJPGCSEs0zQ4BIZm7FZAwSiDZ5VUwI7vLLq6RzXncv6+7DRa1xW8RRRsfoBJ0hF12hBrpHTdRGBGXoGb2iN+vJerHerY9Fa8kqZqroD6zPH6qmlCE=</latexit>

T↵� = 0

(dynamics) (constraint)

Boundary conditions
<latexit sha1_base64="uc8e6Vrc+UecKFFhR+XDSTRpByA=">AAACHXicbVDLSsNAFJ34rPUVdelmsAgVpSRS1I1QdOOygn1AE8tkOmmHziRhHkIJ/RE3/oobF4q4cCP+jdM2gm09cOFwzr3ce0+QMCqV43xbC4tLyyurubX8+sbm1ra9s1uXsRaY1HDMYtEMkCSMRqSmqGKkmQiCeMBII+hfj/zGAxGSxtGdGiTE56gb0ZBipIzUtsvNe49rWPQk7XIEj72EwhPoKaThEbyE0+6v0bYLTskZA84TNyMFkKHatj+9Tow1J5HCDEnZcp1E+SkSimJGhnlPS5Ig3Edd0jI0QpxIPx1/N4SHRunAMBamIgXH6t+JFHEpBzwwnRypnpz1RuJ/Xkur8MJPaZRoRSI8WRRqBlUMR1HBDhUEKzYwBGFBza0Q95BAWJlA8yYEd/bleVI/LblnJfe2XKhcZXHkwD44AEXggnNQATegCmoAg0fwDF7Bm/VkvVjv1sekdcHKZvbAFKyvH/4Rnr4=</latexit>

Xµ(� + ⇡, ⌧) = Xµ(�, ⌧)
<latexit sha1_base64="3V7q9YJQ+6/pTy01LjMZ3H9Hevg=">AAACMHicbVDLSgMxFM34tr6qLt0Ei+CqzIioG6HoQpcKthY6tdxJ0xpMZsbkRixDP8mNn6IbBUXc+hWm7SC+DgROzj33JvdEqRQGff/ZGxufmJyanpktzM0vLC4Vl1dqJrGa8SpLZKLrERguRcyrKFDyeqo5qEjy8+jqcFA/v+HaiCQ+w17Kmwq6segIBuikVvEoTEGjANkKjegqoPWLUFm6T30aXlto0xD5LWaJ7ufXLzuC/WZuFUt+2R+C/iVBTkokx0mr+BC2E2YVj5FJMKYR+Ck2s8F0Jnm/EFrDU2BX0OUNR2NQ3DSz4cJ9uuGUNu0k2p0Y6VD93pGBMqanIudUgJfmd20g/ldrWOzsNTMRpxZ5zEYPdaykmNBBerQtNGcoe44A08L9lbJL0MDQZVxwIQS/V/5LalvlYKccnG6XKgd5HDNkjayTTRKQXVIhx+SEVAkjd+SRvJBX79578t6895F1zMt7VskPeB+f/Aao5A==</latexit>

@�X
µ = 0 or @⌧X

µ = 0

(closed) (open)

<latexit sha1_base64="FOJa0BKrhIFu7mGZnYFKmp3Gwg8="></latexit>

S = � 1

4⇡↵0

Z
d�d⌧ ⌘↵�@↵X

µ@�X
⌫ ⌘µ⌫



CLOSED STRINGS

<latexit sha1_base64="A+4juUVYtnmk8wv3QntU4w+Qg9g="></latexit>

Xµ(�, ⌧) = Xµ
L (⌧ + �) +Xµ

R(⌧ � �)

left and right waves decouple in 2 dimensions

this is simple observation is essential in the 
construction of the heterotic string … 

hold on!



THE FERMIONIC STRING (SUPERSTRING)

SUSY

<latexit sha1_base64="7jo279a8VqDUKoeVm1cUg4Arttg="></latexit>

S = � 1

4⇡↵0

Z
d�d⌧

⇥
@↵X

µ@↵X⌫ ⌘µ⌫ � i ̄µ⇢↵@↵ µ

⇤

<latexit sha1_base64="f3eEcNYknuImP9zRnvhRzhCj1Dw="></latexit>

�Xµ = ✏̄  µ , � µ = �i⇢↵@↵X
µ ✏

Dirac equation decouples the two components 
<latexit sha1_base64="d+NTsDT/RRBUCEWwck9gr8VwSGU="></latexit>

 µ(�, ⌧) =

✓
 �(⌧ � �)
 +(⌧ + �)

◆

Independent supersymmetries for left and right moving modes
<latexit sha1_base64="qtGk8YT7aG6l3gzT3SHICiv5OeQ=">AAACGHicbZDLSgMxFIYz9VbrrerSTbAIFaTOiKgboejGhUgVe4F2GDJp2oZmLiRnxDLMY7jxVdy4UMRtd76NaTsL2/pD4OM/53ByfjcUXIFp/hiZhcWl5ZXsam5tfWNzK7+9U1NBJCmr0kAEsuESxQT3WRU4CNYIJSOeK1jd7V+P6vUnJhUP/EcYhMz2SNfnHU4JaMvJH7coEfFdgi9xMUWnBewZ4tvkCE87Dwk+dPIFs2SOhefBSqGAUlWc/LDVDmjkMR+oIEo1LTMEOyYSOBUsybUixUJC+6TLmhp94jFlx+PDEnygnTbuBFI/H/DY/TsRE0+pgefqTo9AT83WRuZ/tWYEnQs75n4YAfPpZFEnEhgCPEoJt7lkFMRAA6GS679i2iOSUNBZ5nQI1uzJ81A7KVlnJev+tFC+SuPIoj20j4rIQueojG5QBVURRS/oDX2gT+PVeDe+jO9Ja8ZIZ3bRlIzhLwMUn8U=</latexit>

N = (NL,NR)

<latexit sha1_base64="daVh49YF5kPqurBVyY2ZK+BY+N8=">AAACHnicbVDLSgMxFM3UV62vUZdugsXiqsxIfWyEghuXFewDOkPJpLdtaCYzJBmxDP0SN/6KGxeKCK70b0zbQbT1QMLJOfeSe08Qc6a043xZuaXlldW1/HphY3Nre8fe3WuoKJEU6jTikWwFRAFnAuqaaQ6tWAIJAw7NYHg18Zt3IBWLxK0exeCHpC9Yj1GijdSxTz05iDoOvsReAH0m0jgkWrL7MXZwCbvY88xVMg8PRPfH7NhFp+xMgReJm5EiylDr2B9eN6JJCEJTTpRqu06s/ZRIzSiHccFLFMSEDkkf2oYKEoLy0+l6Y3xklC7uRdIcofFU/d2RklCpURiYSjPfQM17E/E/r53o3oWfMhEnGgSdfdRLONYRnmSFu0wC1XxkCKGSmVkxHRBJqDaJFkwI7vzKi6RxUnbPypWbSrFazeLIowN0iI6Ri85RFV2jGqojih7QE3pBr9aj9Wy9We+z0pyV9eyjP7A+vwFXF6Ap</latexit>

⇢0 =

✓
0 1
1 0

◆

<latexit sha1_base64="n3OdUqtcDuU13B35+4PNsUDsmp0=">AAACH3icbZDLSsNAFIYn9VbrLerSzWBR3FgSKdWNUHDjsoK9QBPKZHraDp1MwsxELKFv4sZXceNCEXHXt3HaBtHWAwMf/38Oc84fxJwp7TgTK7eyura+kd8sbG3v7O7Z+wcNFSWSQp1GPJKtgCjgTEBdM82hFUsgYcChGQxvpn7zAaRikbjXoxj8kPQF6zFKtJE6dsWTg6jj4mvsBdBnIo1DoiV7HGMHn2IXex4+dw052APR/XE7dtEpObPCy+BmUERZ1Tr2l9eNaBKC0JQTpdquE2s/JVIzymFc8BIFMaFD0oe2QUFCUH46u2+MT4zSxb1Imic0nqm/J1ISKjUKA9Np9huoRW8q/ue1E9278lMm4kSDoPOPegnHOsLTsHCXSaCajwwQKpnZFdMBkYRqE2nBhOAunrwMjYuSWymV78rFajWLI4+O0DE6Qy66RFV0i2qojih6Qi/oDb1bz9ar9WF9zltzVjZziP6UNfkG0K+gYQ==</latexit>

⇢1 =

✓
0 1
�1 0

◆

<latexit sha1_base64="PtZo5u9Zu3GhiyV2n1Pb2ejRSKQ=">AAACEHicbVDLSsNAFJ34rPUVdelmsIiuSiJF3QgFNy4r2Ac0abiZTtqhkwczE6GEfoIbf8WNC0XcunTn3zhpg2jrgYFzz7mXO/f4CWdSWdaXsbS8srq2Xtoob25t7+yae/stGaeC0CaJeSw6PkjKWUSbiilOO4mgEPqctv3Rde6376mQLI7u1DihbgiDiAWMgNKSZ544Yhj3HODJELCTgFAMuPdTS9ZzwhRfWZ5ZsarWFHiR2AWpoAINz/x0+jFJQxopwkHKrm0lys3yBYTTSdlJJU2AjGBAu5pGEFLpZtODJvhYK30cxEK/SOGp+nsig1DKcejrzhDUUM57ufif101VcOlmLEpSRSMyWxSkHKsY5+ngPhOUKD7WBIhg+q+YDEEAUTrDsg7Bnj95kbTOqvZ5tXZbq9TrRRwldIiO0Cmy0QWqoxvUQE1E0AN6Qi/o1Xg0no03433WumQUMwfoD4yPb0aOnLg=</latexit>

⇢↵@↵ 
µ = 0

<latexit sha1_base64="rx5oSxlWSu1i4RrmJTM4Z/Ybg5o=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJUZKepGKLhxWcE+oDMMmTTThiaZkGSEUurGX3HjQhG3/oU7/8ZMOwttPXDhcM69yb0nloxq43nfTmlldW19o7xZ2dre2d1z9w/aOs0UJi2cslR1Y6QJo4K0DDWMdKUiiMeMdOLRTe53HojSNBX3ZixJyNFA0IRiZKwUuUeBRMpQxKJAchhITaOAS3jtRW7Vq3kzwGXiF6QKCjQj9yvopzjjRBjMkNY935MmnOSvY0amlSDTRCI8QgPSs1QgTnQ4mV0whadW6cMkVbaEgTP198QEca3HPLadHJmhXvRy8T+vl5nkKpxQITNDBJ5/lGQMmhTmccA+VQQbNrYEYUXtrhAPkULY2NAqNgR/8eRl0j6v+Re1+l292mgUcZTBMTgBZ8AHl6ABbkETtAAGj+AZvII358l5cd6dj3lrySlmDsEfOJ8/w2GWcA==</latexit>

@± ⌥ = 0



QUANTISATION

<latexit sha1_base64="VTrJ7VJ1akvFlR30nZLEgyjS2X8="></latexit>

Xµ(�, ⌧) = xµ + 2↵0pµ⌧ + i

r
↵0

2

X

n 6=0

↵µ
n

n
e�2in(⌧+�) +

↵̃µ
n

n
e�2in(⌧��)

<latexit sha1_base64="JWpDziG8dC1c4ipZiPEcOBfbHHI="></latexit>

 µ
± =

r
↵0

2

X

r2Z+ 1
2

bµr (b̃
µ
r )e

�2ir�±

anti-periodic (NS) periodic (R)

<latexit sha1_base64="c44XBd7QmSDIYHVKXyMOxMGL2ew="></latexit>

 µ
± =

r
↵0

2

X

n2Z
dµn(d̃

µ
n)e

�2in�±



QUANTISATION

anti-periodic (NS) periodic (R)

<latexit sha1_base64="vCF8EaVH7DFwznR2Y5Z2TgU5DRA="></latexit>

[↵µ
n,↵

⌫
m] = n �n+m⌘µ⌫

<latexit sha1_base64="A7LW9FaLQUpNUzfKklROeQlaqn8=">AAACHHicbVDLSgMxFM34tr6qLt0EiyAoZUZF3QiiG5cKVoVOO2QytxqaZIbkjlCG+RA3/oobF4q4cSH4N6a1C18HAodzzuXmnjiTwqLvf3gjo2PjE5NT05WZ2bn5heri0oVNc8OhwVOZmquYWZBCQwMFSrjKDDAVS7iMu8d9//IWjBWpPsdeBi3FrrXoCM7QSVF1OyxoEul2qHK66ZhqhzqnYUkPaJiARBYVekOVISBrFy7k3DKq1vy6PwD9S4IhqZEhTqPqW5ikPFegkUtmbTPwM2wVzKDgEspKmFvIGO+ya2g6qpkC2yoGx5V0zSkJ7aTGPY10oH6fKJiytqdil1QMb+xvry/+5zVz7Oy3CqGzHEHzr0WdXFJMab8pmggDHGXPEcaNcH+l/IYZxtH1WXElBL9P/ksuturBbj0426kdHg3rmCIrZJWsk4DskUNyQk5Jg3ByRx7IE3n27r1H78V7/YqOeMOZZfID3vsn4XqhTg==</latexit>

{dµn, d⌫m} = �n+m⌘µ⌫
<latexit sha1_base64="zyraco/Jmq5aEeeyh6krL0m4rpE=">AAACHHicbVDLSgMxFM34rPVVdekmWARBKTMq6kYounFZwbZCpx0y6a2GZjJDckcow3yIG3/FjQtF3LgQ/BvTx8LXgcDhnHO5uSdMpDDoup/O1PTM7Nx8YaG4uLS8slpaW2+YONUc6jyWsb4OmQEpFNRRoITrRAOLQgnNsH8+9Jt3oI2I1RUOEmhH7EaJnuAMrRSUDvyMhoHu+FFK9ywzHV+l1M/pKfW7IJEFmd41uQ/IOpkNWTcPSmW34o5A/xJvQspkglpQeve7MU8jUMglM6bluQm2M6ZRcAl50U8NJIz32Q20LFUsAtPORsfldNsqXdqLtX0K6Uj9PpGxyJhBFNpkxPDW/PaG4n9eK8XeSTsTKkkRFB8v6qWSYkyHTdGu0MBRDixhXAv7V8pvmWYcbZ9FW4L3++S/pLFf8Y4q3uVhuXo2qaNANskW2SEeOSZVckFqpE44uSeP5Jm8OA/Ok/PqvI2jU85kZoP8gPPxBfssoV4=</latexit>

{bµr , b⌫s} = �r+s⌘
µ⌫

<latexit sha1_base64="8igXSzGduXXeXF8r2btBWEPSR9w=">AAACHXicbZDLSsNAFIYnXmu9VV26GSxCBS2JiLoU3bisYKvQxHAyPW2HTiZhZiKU2Bdx46u4caGICzfi2zi9LLz9MPDznXM4c/4oFVwb1/10pqZnZufmCwvFxaXlldXS2npDJ5liWGeJSNR1BBoFl1g33Ai8ThVCHAm8inpnw/rVLSrNE3lp+ikGMXQkb3MGxqKwdFDxQaRdCPM9Objx44zu3PSov0srkUXKIjlEPgpB71xfgewIDEtlt+qORP8ab2LKZKJaWHr3WwnLYpSGCdC66bmpCXJQhjOBg6KfaUyB9aCDTWslxKiDfHTdgG5b0qLtRNknDR3R7xM5xFr348h2xmC6+ndtCP+rNTPTPg5yLtPMoGTjRe1MUJPQYVS0xRUyI/rWAFPc/pWyLihgxgZatCF4v0/+axr7Ve+w6l0clE9OJ3EUyCbZIhXikSNyQs5JjdQJI/fkkTyTF+fBeXJenbdx65QzmdkgP+R8fAEITaCp</latexit>

(↵µ
�n)

k (b⌫�r)
`|0i

<latexit sha1_base64="w4WFMQ7vvE7+PlxUR/Y6L+g8CHM=">AAACHXicbZBNSwMxEIaz9bt+VT16CRahgpZdEfUoevGoYG2hW8tsOm1Dk+ySZIWy9o948a948aCIBy/ivzGtPWj1hcDLMzNM5o0SwY31/U8vNzU9Mzs3v5BfXFpeWS2srV+bONUMKywWsa5FYFBwhRXLrcBaohFkJLAa9c6G9eotasNjdWX7CTYkdBRvcwbWoWbhoBSCSLrQzPbU4CaUKd256dFwl5ZaDkmH1BCFKAS980MNqiOwWSj6ZX8k+tcEY1MkY100C+9hK2apRGWZAGPqgZ/YRgbaciZwkA9TgwmwHnSw7qwCiaaRja4b0G1HWrQda/eUpSP6cyIDaUxfRq5Tgu2aydoQ/lerp7Z93Mi4SlKLin0vaqeC2pgOo6ItrpFZ0XcGmObur5R1QQOzLtC8CyGYPPmvud4vB4fl4PKgeHI6jmOebJItUiIBOSIn5JxckAph5J48kmfy4j14T96r9/bdmvPGMxvkl7yPLwOHoKY=</latexit>

(↵µ
�n)

k (d⌫�m)`|0istates

How to impose the energy momentum constraint?

“Gupta-Bleuler” quantisation
<latexit sha1_base64="8aQnzYdrMClfgeebF3dC57vnSLY=">AAACCHicbVA9SwNBEN2LXzF+RS0tXAyCVbgTURshaGMZIV+QC2FuM0mW7O0du3tCOFPa+FdsLBSx9SfY+W/cfBSa+GDg8d4MM/OCWHBtXPfbySwtr6yuZddzG5tb2zv53b2ajhLFsMoiEalGABoFl1g13AhsxAohDATWg8HN2K/fo9I8khUzjLEVQk/yLmdgrNTOH1baqQ8i7oMfoIERffDjPvcVyJ5AeuW28wW36E5AF4k3IwUyQ7md//I7EUtClIYJ0LrpubFppaAMZwJHOT/RGAMbQA+blkoIUbfSySMjemyVDu1GypY0dKL+nkgh1HoYBrYzBNPX895Y/M9rJqZ72Uq5jBODkk0XdRNBTUTHqdAOV8iMGFoCTHF7K2V9UMCMzS5nQ/DmX14ktdOid1707s4KpetZHFlyQI7ICfHIBSmRW1ImVcLII3kmr+TNeXJenHfnY9qacWYz++QPnM8fV+yZhw==</latexit>

T↵� |�i = 0



LIGHT-CONE QUANTISATION

The gauge choice

does not fixes the gauge symmetry

<latexit sha1_base64="lWainJHhJCqHG5E3uLP46pKJzy0=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquSiKiboSiG5cV7AOaEG6mk3boZBJmJkIJ/QE3/oobF4q4de/Ov3HaZmFbD1zu4Zx7mbknTDlT2nF+rKXlldW19dJGeXNre2fX3ttvqiSThDZIwhPZDkFRzgRtaKY5baeSQhxy2goHt2O/9UilYol40MOU+jH0BIsYAW2kwD7uB7kHPO2DF1INI3yNPdNnxcCuOFVnArxI3IJUUIF6YH973YRkMRWacFCq4zqp9nOQmhFOR2UvUzQFMoAe7RgqIKbKzyfXjPCJUbo4SqQpofFE/buRQ6zUMA7NZAy6r+a9sfif18l0dOXnTKSZpoJMH4oyjnWCx9HgLpOUaD40BIhk5q+Y9EEC0SbAsgnBnT95kTTPqu5F1b0/r9RuijhK6BAdoVPkoktUQ3eojhqIoCf0gt7Qu/VsvVof1ud0dMkqdg7QDKyvX7GMm/Y=</latexit>

h↵� = ⌘↵�

<latexit sha1_base64="UdPEq6yGDxm1ViHOk8YAvIlYUKQ="></latexit>

(�di↵ + �Weyl)⌘↵� = 0 ) conformal symmetry

This residual symmetry allows to solve the constraint
only the transverse oscillators are physical

<latexit sha1_base64="VNHM4DNeZBkO3ZyOcLju8fezRvc="></latexit>

↵µ
n ! ↵i

n , bµr ! bir , dµn ! din
<latexit sha1_base64="f3C2bhEwt+NEscV17XnKAeFOiqE=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgopakiLpQKOjCZQX7gDaUyWTSDp3MhJmJEEL9FTcuFHHrh7jzb5y2WWjrgQuHc+7l3nv8mFGlHefbKqysrq1vFDdLW9s7u3v2/kFbiURi0sKCCdn1kSKMctLSVDPSjSVBkc9Ixx/fTP3OI5GKCv6g05h4ERpyGlKMtJEGdpnCa+jCap8FQitYhben9YFdcWrODHCZuDmpgBzNgf3VDwROIsI1ZkipnuvE2suQ1BQzMin1E0VihMdoSHqGchQR5WWz4yfw2CgBDIU0xTWcqb8nMhQplUa+6YyQHqlFbyr+5/USHV56GeVxognH80VhwqAWcJoEDKgkWLPUEIQlNbdCPEISYW3yKpkQ3MWXl0m7XnPPa+79WaVxlcdRBIfgCJwAF1yABrgDTdACGKTgGbyCN+vJerHerY95a8HKZ8rgD6zPH/FPkl0=</latexit>

i = 1, . . . , D � 2



THE SPECTRUM: THE NAÏVE WAY

<latexit sha1_base64="RwHBKOMXRWlwkl1U5l0XoU+rS+0="></latexit>

M2 =
4

↵0

h
NX + ÑX +N + Ñ +�L +�R

i

<latexit sha1_base64="Zbit5OEjaK4a8mYotzSjajUFg0o="></latexit>

NX +N +�L = ÑX + Ñ +�R

mass-shell condition

level matching

N
S-

N
S

R
-R

R-NS and NS-R
<latexit sha1_base64="m224kZMxS1VtYPzTyUyUjxhUQ+E=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwISURUZdFNy4r2Ac0oUwmN+3QySTMTIQai7/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5ByprTjfFsLi0vLK6ultfL6xubWtr2z21RJJik0aMIT2Q6IAs4ENDTTHNqpBBIHHFrB4Hrst+5BKpaIOz1MwY9JT7CIUaKN1LX3H50T7GnGQ8COJ4noccBdu+JUnQnwPHELUkEF6l37ywsTmsUgNOVEqY7rpNrPidSMchiVvUxBSuiA9KBjqCAxKD+fXD/CR0YJcZRIU0Ljifp7IiexUsM4MJ0x0X01643F/7xOpqNLP2cizTQIOl0UZRzrBI+jwCGTQDUfGkKoZOZWTPtEEqpNYGUTgjv78jxpnlbd86p7e1apXRVxlNABOkTHyEUXqIZuUB01EEUP6Bm9ojfryXqx3q2PaeuCVczsoT+wPn8AwpCUJA==</latexit>

|0, 0̃i
<latexit sha1_base64="AP66NJaAj0c+222uRej0xDJ5ht0=">AAACGnicbZDLSgMxFIYzXmu9jbp0EyyCC60zRdRl0Y3LCvYC7Vgy6Zk2NpMZkoxQxj6HG1/FjQtF3Ikb38b0omjrD4Gf75zDyfn9mDOlHefTmpmdm19YzCxll1dW19btjc2KihJJoUwjHsmaTxRwJqCsmeZQiyWQ0OdQ9bvng3r1FqRikbjSvRi8kLQFCxgl2qCm7frN9MA9LPSvGW5oxluAf8gNvnP2v6nTkES0OeCmnXPyzlB42rhjk0NjlZr2e6MV0SQEoSknStVdJ9ZeSqRmlEM/20gUxIR2SRvqxgoSgvLS4Wl9vGtICweRNE9oPKS/J1ISKtULfdMZEt1Rk7UB/K9WT3Rw6qVMxIkGQUeLgoRjHeFBTrjFJFDNe8YQKpn5K6YdIgnVJs2sCcGdPHnaVAp59zjvXh7limfjODJoG+2gPeSiE1REF6iEyoiie/SIntGL9WA9Wa/W26h1xhrPbKE/sj6+AFP1npM=</latexit>

bi�1/2b̃
j
�1/2|0, 0̃i

<latexit sha1_base64="fqw/p9l/GfO4ntxK/UptlYNyQ58=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68dhCv6ANZbOdtGs3m7C7EUroL/DiQRGv/iRv/hu3bQ7a+mDg8d4MM/OCRHBtXPfbWVvf2NzaLuwUd/f2Dw5LR8ctHaeKYZPFIladgGoUXGLTcCOwkyikUSCwHYzvZ377CZXmsWyYSYJ+RIeSh5xRY6V6o18quxV3DrJKvJyUIUetX/rqDWKWRigNE1Trrucmxs+oMpwJnBZ7qcaEsjEdYtdSSSPUfjY/dErOrTIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCW/9jMskNSjZYlGYCmJiMvuaDLhCZsTEEsoUt7cSNqKKMmOzKdoQvOWXV0nrsuJdV7z6Vbl6l8dRgFM4gwvw4Aaq8AA1aAIDhGd4hTfn0Xlx3p2PReuak8+cwB84nz+xoYze</latexit>

T

<latexit sha1_base64="vfj4FVSGT8fS8YHIWwKfarchjv4=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KGVGRF2WunFZwT6gGUomTdvQJDPkIZShH+DGX3HjQhG3foA7/8a0nUVtPRA4OedcknuihDNtfP/Hy62tb2xu5bcLO7t7+wfFw6Omjq0itEFiHqt2hDXlTNKGYYbTdqIoFhGnrWh0O/Vbj1RpFssHM05oKPBAsj4j2DipWywNuikSFkk7QeUyRLC2eEcQJUPmUn7FnwGukiAjJZCh3i1+o15MrKDSEI617gR+YsIUK8MIp5MCspommIzwgHYclVhQHaazZSbwzCk92I+VO9LAmbo4kWKh9VhELimwGeplbyr+53Ws6d+EKZOJNVSS+UN9y6GJ4bQZ2GOKEsPHjmCimPsrJEOsMDGuv4IrIVheeZU0LyrBVSW4vyxVa1kdeXACTsE5CMA1qII7UAcNQMATeAFv4N179l69D+9zHs152cwx+APv6xdHw5p9</latexit>

gµ⌫ , Bµ⌫ , �

<latexit sha1_base64="L8sVT8bvOw3jAVQdg2SaMGf9Mbo=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CqIVF0MZGiGA+IDnD3maSLNnbO3b3hHDkR9hYKGLr77Hz37hJrtDEBwOP92aYmRfEgmvjut9ObmV1bX0jv1nY2t7Z3SvuHzR0lCiGdRaJSLUCqlFwiXXDjcBWrJCGgcBmMLqZ+s0nVJpH8sGMY/RDOpC8zxk1VmrePVbIlUu6xZJbdmcgy8TLSAky1LrFr04vYkmI0jBBtW57bmz8lCrDmcBJoZNojCkb0QG2LZU0RO2ns3Mn5MQqPdKPlC1pyEz9PZHSUOtxGNjOkJqhXvSm4n9eOzH9Sz/lMk4MSjZf1E8EMRGZ/k56XCEzYmwJZYrbWwkbUkWZsQkVbAje4svLpFEpe+dl7/6sVL3O4sjDERzDKXhwAVW4hRrUgcEInuEV3pzYeXHenY95a87JZg7hD5zPH2kMjk8=</latexit>

M2 < 0

<latexit sha1_base64="rtrBfmah3/FSYm3z23yb3K7D8iY=">AAACCXicbVC7SgNBFJ2Nrxhfq5Y2g0GwCrtB1CYQVEQLIYJ5QDaG2dnZZMjsw5m7YljS2vgrNhaK2PoHdv6Nk0ehiQcunDnnXube48aCK7CsbyMzN7+wuJRdzq2srq1vmJtbNRUlkrIqjUQkGy5RTPCQVYGDYI1YMhK4gtXd3unQr98zqXgU3kA/Zq2AdELuc0pAS20TX90WccnCzl1CPOwAe4D08nwwfp6VbKtt5q2CNQKeJfaE5NEElbb55XgRTQIWAhVEqaZtxdBKiQROBRvknESxmNAe6bCmpiEJmGqlo0sGeE8rHvYjqSsEPFJ/T6QkUKofuLozINBV095Q/M9rJuAft1IexgmwkI4/8hOBIcLDWLDHJaMg+poQKrneFdMukYSCDi+nQ7CnT54ltWLBPizY1wf58skkjizaQbtoH9noCJXRBaqgKqLoET2jV/RmPBkvxrvxMW7NGJOZbfQHxucPg5OYUw==</latexit>

M2 = 0 IF D = 10

Ramond vacuum: <latexit sha1_base64="UD9G+2Awsh6R697S3Yg4YdNV9qM=">AAACE3icbVBLSwMxEM7WV62vVY9egkUQhbIror0IRS/erGAf0JaSTadtaDa7JFmhbPsfvPhXvHhQxKsXb/4bs+0K2joQ+B4zTObzQs6UdpwvK7OwuLS8kl3Nra1vbG7Z2ztVFUSSQoUGPJB1jyjgTEBFM82hHkogvseh5g2uEr92D1KxQNzpYQgtn/QE6zJKtJHa9tGoeeNDjzQlET0O+AKPim31w44TRlPWtvNOwZkUngduCvIorXLb/mx2Ahr5IDTlRKmG64S6FROpGeUwzjUjBSGhA9KDhoGC+KBa8eSmMT4wSgd3A2me0Hii/p6Iia/U0PdMp090X816ifif14h0t9iKmQgjDYJOF3UjjnWAk4Bwh0mgmg8NIFQy81dM+0QSqk2MOROCO3vyPKieFNyzgnt7mi9dpnFk0R7aR4fIReeohK5RGVUQRQ/oCb2gV+vRerberPdpa8ZKZ3bRn7I+vgHJ+J15</latexit>

|⌦i = |8si+ |8ci

<latexit sha1_base64="p8oDHdiYjFPMFDANpPalfDt2gS4="></latexit>

|⌦, ⌦̃i = (|8si+ |8ci)⌦ (|8̃si+ |8̃ci)
<latexit sha1_base64="oUT+O/rTqIPPHFV3YW6s6sce8GY=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKewGUS9C0IsXIYJ5QLKG2UknGTI7u8zMCmHJR3jxoIhXv8ebf+Mk2YMmFjQUVd10dwWx4Nq47reTW1ldW9/Ibxa2tnd294r7Bw0dJYphnUUiUq2AahRcYt1wI7AVK6RhILAZjG6mfvMJleaRfDDjGP2QDiTvc0aNlZp3jxVyRdxuseSW3RnIMvEyUoIMtW7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NwJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/0k+5jBODks0X9RNBTESmv5MeV8iMGFtCmeL2VsKGVFFmbEIFG4K3+PIyaVTK3nnZuz8rVa+zOPJwBMdwCh5cQBVuoQZ1YDCCZ3iFNyd2Xpx352PemnOymUP4A+fzB2qCjlA=</latexit>

M2 = 0

<latexit sha1_base64="gsfis2lTeGdBAkSwQq5p1/bM0SY="></latexit>

bi�1/2|0i ⌦ (|8̃si+ |8̃ci)

<latexit sha1_base64="oUT+O/rTqIPPHFV3YW6s6sce8GY=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKewGUS9C0IsXIYJ5QLKG2UknGTI7u8zMCmHJR3jxoIhXv8ebf+Mk2YMmFjQUVd10dwWx4Nq47reTW1ldW9/Ibxa2tnd294r7Bw0dJYphnUUiUq2AahRcYt1wI7AVK6RhILAZjG6mfvMJleaRfDDjGP2QDiTvc0aNlZp3jxVyRdxuseSW3RnIMvEyUoIMtW7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NwJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/0k+5jBODks0X9RNBTESmv5MeV8iMGFtCmeL2VsKGVFFmbEIFG4K3+PIyaVTK3nnZuz8rVa+zOPJwBMdwCh5cQBVuoQZ1YDCCZ3iFNyd2Xpx352PemnOymUP4A+fzB2qCjlA=</latexit>

M2 = 0

spacetime fermions



TOWARDS THE CORRECT SPECTRUM

Vacuum to vacuum amplitude in Quantum Field Theory

<latexit sha1_base64="XZe9zW1C3DJipafvPUYDGFajS9Y="></latexit>

Z =

Z 1

0

dt

t
tr

h
e�⇡t(⇤+M2)

i

In string theory … 



THE TORUS

homeomorphism of the torus:
<latexit sha1_base64="/2Pkfpjz17hEIplh2NcVkFCAW/Y="></latexit>

SL(2;Z) :

✓
!1

!2

◆
!

✓
a b
c d

◆✓
!1

!2

◆
<latexit sha1_base64="q+R7SzQmcLfqCZ2bmLJB9pa+hho="></latexit>
⌧ ⌘ !1

!2
! a⌧ + b

c⌧ + d

�



GEOMETRICAL CONSTRAINT

The spectrum of closed-(super)string  theory 
must not depend 

on the choice of elementary cell for the one-loop torus amplitude

<latexit sha1_base64="EMHtiNRqT2vshIOU20n4WZSM+KM="></latexit>

tr
h
e�⇡t(⇤+M2)

i

must be invariant under the action of the modular group
<latexit sha1_base64="+0FW8HLTrKQwmE7wFKPu2nneNvo=">AAACAXicbVC7SgNBFJ31GeNr1UawGQxCbMJuEBVsgjYWFhHNA7MhzE4myZDZBzN3xbCsjb9iY6GIrX9h5984m2yhiQcuHM65l3vvcUPBFVjWtzE3v7C4tJxbya+urW9smlvbdRVEkrIaDUQgmy5RTHCf1YCDYM1QMuK5gjXc4UXqN+6ZVDzwb2EUsrZH+j7vcUpASx1z1wH2APHNVYKL5TPHIzBw3fguOeyYBatkjYFniZ2RAspQ7ZhfTjegkcd8oIIo1bKtENoxkcCpYEneiRQLCR2SPmtp6hOPqXY8/iDBB1rp4l4gdfmAx+rviZh4So08V3emJ6ppLxX/81oR9E7bMffDCJhPJ4t6kcAQ4DQO3OWSURAjTQiVXN+K6YBIQkGHltch2NMvz5J6uWQfl+zro0LlPIsjh/bQPioiG52gCrpEVVRDFD2iZ/SK3own48V4Nz4mrXNGNrOD/sD4/AGR5ZZT</latexit>

SL(2;Z)



THE SPECTRUM: THE CORRECT WAY — MODULAR INVARIANCE

Modular invariance highly constrains the way 
left and right moving oscillators can be combined

In D=10 only two (supersymmetric solutions):  IIA and IIB superstrings No SUSY: 0A and 0B

<latexit sha1_base64="f1EEiACdZJYHqAN85pV2Lep/U5M="></latexit>

Z =

Z

F

d2⌧

⌧22

h
NS⌦ ÑS + R⌦ R̃�NS⌦ R̃� R⌦ ÑS

i



TYPE IIA SUPERSTRING

<latexit sha1_base64="tvWNzVi5tf5SxTP/W48CRFDxxwM="></latexit>

Z =

Z

F

d2⌧

⌧62

1

(⌘⌘̄)8
(V8 � S8)(V̄8 � C̄8)

At low energy: N=(1,1) (type IIA) SUPERGRAVITY in D=10

<latexit sha1_base64="e36vByZMQoAoU7CYZX7eiGDZ0L4="></latexit>

SUGRA : {gµ⌫ ,�, Bµ⌫ , Cµ, Cµ⌫⇢; 
µ
L, 

µ
R,�L,�R}



TYPE IIB SUPERSTRING

At low energy: N=(2,0) (type IIB) SUPERGRAVITY in D=10

<latexit sha1_base64="kz3IsBYmgyZYJlzmjZ+8ZPRya5E="></latexit>

Z =

Z

F

d2⌧

⌧62

1

(⌘⌘̄)8
(V8 � S8)(V̄8 � S̄8)

<latexit sha1_base64="TQWX1jpHonA3WYCmy7Hlc8Srybk="></latexit>

SUGRA : {gµ⌫ ,�, Bµ⌫ , C, Cµ⌫ , C
(+)
µ⌫⇢�; 2 

µ
L, 2�R}



BRANES IN TYPE II SUPERSTRINGS

Notice that type II superstrings include (p+1)-forms 
among the massless excitations

(p+1)-form potentials are probed by 
p-dimensional extended objects: p-branes 

String theory is not a theory of just strings!



THE HETEROTIC STRINGS

Recall the decoupling of left and right moving modes?

<latexit sha1_base64="A+4juUVYtnmk8wv3QntU4w+Qg9g="></latexit>

Xµ(�, ⌧) = Xµ
L (⌧ + �) +Xµ

R(⌧ � �)

This allows for generalisation of the previous construction



CLOSED STRINGS

<latexit sha1_base64="A+4juUVYtnmk8wv3QntU4w+Qg9g="></latexit>

Xµ(�, ⌧) = Xµ
L (⌧ + �) +Xµ

R(⌧ � �)

left and right waves decouple in 2 dimensions

this is simple observation is essential in the 
construction of the heterotic string … 

hold on!



THE FERMIONIC STRING (SUPERSTRING)

SUSY

<latexit sha1_base64="7jo279a8VqDUKoeVm1cUg4Arttg="></latexit>

S = � 1

4⇡↵0

Z
d�d⌧

⇥
@↵X

µ@↵X⌫ ⌘µ⌫ � i ̄µ⇢↵@↵ µ

⇤

<latexit sha1_base64="f3eEcNYknuImP9zRnvhRzhCj1Dw="></latexit>

�Xµ = ✏̄  µ , � µ = �i⇢↵@↵X
µ ✏

Dirac equation decouples the two components 
<latexit sha1_base64="d+NTsDT/RRBUCEWwck9gr8VwSGU="></latexit>

 µ(�, ⌧) =

✓
 �(⌧ � �)
 +(⌧ + �)

◆

Independent supersymmetries for left and right moving modes

<latexit sha1_base64="fMLOTq1YMUcuqSeHZY7T6rPtDto=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCIJYZEXWhUHDjsoJ9QGcYMmmmDc1kQpIR6lD8FTcuFHHrf7jzb8y0s9DWAxcO59yb3HtCwajSjvNtlRYWl5ZXyquVtfWNzS17e6elklRi0sQJS2QnRIowyklTU81IR0iC4pCRdji8yf32A5GKJvxejwTxY9TnNKIYaSMF9p4nkNQUseAEekLR4BheO4FddWrOBHCeuAWpggKNwP7yeglOY8I1ZkiprusI7Wf5y5iRccVLFREID1GfdA3lKCbKzybbj+GhUXowSqQpruFE/T2RoVipURyazhjpgZr1cvE/r5vq6NLPKBepJhxPP4pSBnUC8yhgj0qCNRsZgrCkZleIB0girE1gFROCO3vyPGmd1tzzmnt3Vq1fFXGUwT44AEfABRegDm5BAzQBBo/gGbyCN+vJerHerY9pa8kqZnbBH1ifP9eUlCc=</latexit>

@� + = 0

<latexit sha1_base64="MUA/vkMgiEoh5ycsS9bkd8Qx1LE=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCIJYZEXWhUHDjsoJ9QGcYMmmmDc1kQpIR6lD8FTcuFHHrf7jzb8y0s9DWAxcO59yb3HtCwajSjvNtlRYWl5ZXyquVtfWNzS17e6elklRi0sQJS2QnRIowyklTU81IR0iC4pCRdji8yf32A5GKJvxejwTxY9TnNKIYaSMF9p4nkNQUseAYekLR4AReO4FddWrOBHCeuAWpggKNwP7yeglOY8I1ZkiprusI7Wf5y5iRccVLFREID1GfdA3lKCbKzybbj+GhUXowSqQpruFE/T2RoVipURyazhjpgZr1cvE/r5vq6NLPKBepJhxPP4pSBnUC8yhgj0qCNRsZgrCkZleIB0girE1gFROCO3vyPGmd1tzzmnt3Vq1fFXGUwT44AEfABRegDm5BAzQBBo/gGbyCN+vJerHerY9pa8kqZnbBH1ifP9eGlCc=</latexit>

@+ � = 0

<latexit sha1_base64="oH5epqWyFS1ZMOJhb783wHZixSA=">AAAB+XicbVDLSgNBEOyNrxhfqx69DAYhgoQdEfUiBL14kgjmAckSZiezyZDZ2WVmNhCW/IkXD4p49U+8+TdOHgdNLGgoqrrp7goSwbXxvG8nt7K6tr6R3yxsbe/s7rn7B3Udp4qyGo1FrJoB0UxwyWqGG8GaiWIkCgRrBIO7id8YMqV5LJ/MKGF+RHqSh5wSY6WO62ZtSgR6GKMbVMJn+LTjFr2yNwVaJnhOijBHteN+tbsxTSMmDRVE6xb2EuNnRBlOBRsX2qlmCaED0mMtSyWJmPaz6eVjdGKVLgpjZUsaNFV/T2Qk0noUBbYzIqavF72J+J/XSk147WdcJqlhks4WhalAJkaTGFCXK0aNGFlCqOL2VkT7RBFqbFgFGwJefHmZ1M/L+LKMHy+Kldt5HHk4gmMoAYYrqMA9VKEGFIbwDK/w5mTOi/PufMxac8585hD+wPn8AYIWkZ8=</latexit>

N = (1, 1)

<latexit sha1_base64="27dRACwM6Nle/EqpgJGeHy+iXYA=">AAACFnicbZC7SgNBFIZn4y3G26qlzWAQLDTsiqiFQsDGwiKKuUA2hNnJSTJk9sLMWTEseQobX8XGQhFbsfNtnFwKTfxh4OM/53Dm/H4shUbH+bYyc/MLi0vZ5dzK6tr6hr25VdFRojiUeSQjVfOZBilCKKNACbVYAQt8CVW/dzmsV+9BaRGFd9iPoRGwTijagjM0VtM+9FogkdFa00N4wPT24HpAL6igHsRaSNPixQH1DA+haeedgjMSnQV3AnkyUalpf3mtiCcBhMgl07ruOjE2UqZQcAmDnJdoiBnvsQ7UDYYsAN1IR2cN6J5xWrQdKfNCpCP390TKAq37gW86A4ZdPV0bmv/V6gm2zxqpCOMEIeTjRe1EUozoMCPaEgo4yr4BxpUwf6W8yxTjaJLMmRDc6ZNnoXJUcE8K7s1xvng+iSNLdsgu2ScuOSVFckVKpEw4eSTP5JW8WU/Wi/VufYxbM9ZkZpv8kfX5A2CunuE=</latexit>

�XR,L = i✏± ±
<latexit sha1_base64="dDfSSkncd4zqKHhmNlEDNwDYNyk=">AAACF3icbVDLSgMxFM34rPU16tJNsAiuyoyIulAouHFZwT6gU0omvdOGJjMhyQil9C/c+CtuXCjiVnf+jZnpLLT1QODcc+5Nck8oOdPG876dpeWV1bX10kZ5c2t7Z9fd22/qJFUUGjThiWqHRANnMTQMMxzaUgERIYdWOLrJ/NYDKM2S+N6MJXQFGcQsYpQYK/XcatAHbgjGgdSsF0iBr3EAlnPrZmUgiTKM8Lxo99yKV/Vy4EXiF6SCCtR77lfQT2gqIDaUE607vidNd5LdSTlMy0GqQRI6IgPoWBoTAbo7yfea4mOr9HGUKHtig3P198SECK3HIrSdgpihnvcy8T+vk5rosjthsUwNxHT2UJRybBKchYT7TAE1fGwJoYrZv2I6JIpQY6Ms2xD8+ZUXSfO06p9X/buzSu2qiKOEDtEROkE+ukA1dIvqqIEoekTP6BW9OU/Oi/PufMxal5xi5gD9gfP5Axkon0E=</latexit>

� ± = ✏±@±X



THE HETEROTIC STRINGS

This two-dimensional action has only a right-moving supersymmetry, 
while the left-moving waves provide extra degrees of freedom

<latexit sha1_base64="jlXAB4LPlZOZauZPJWzLq5xpxZY="></latexit>

S = � 1

4⇡↵0

Z
d�d⌧

⇥
@↵X

µ@↵X⌫ ⌘µ⌫ � 2i µ
�@+ �µ � 2i�A+@��

A
+

⇤

<latexit sha1_base64="JDdX0sro3BXVO3F0wP5VrW1ubBs=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCBSmJiHpQKHjxJBXsB7SlbLabdulmE3Y3Son5KV48KOLVX+LNf+O2zUFbHww83pthZp4Xcaa043xbuaXlldW1/HphY3Nre8cu7jZUGEtC6yTkoWx5WFHOBK1rpjltRZLiwOO06Y2uJ37zgUrFQnGvxxHtBnggmM8I1kbq2cWkQzBPbtMUXaGyc+we9eySU3GmQIvEzUgJMtR69lenH5I4oEITjpVqu06kuwmWmhFO00InVjTCZIQHtG2owAFV3WR6eooOjdJHfihNCY2m6u+JBAdKjQPPdAZYD9W8NxH/89qx9i+6CRNRrKkgs0V+zJEO0SQH1GeSEs3HhmAimbkVkSGWmGiTVsGE4M6/vEgaJxX3rOLenZaql1kcediHAyiDC+dQhRuoQR0IPMIzvMKb9WS9WO/Wx6w1Z2Uze/AH1ucP9hSSeg==</latexit>

N = (0, 1)

<latexit sha1_base64="BLHt76fUmKzXY5yBLC0mFO+5D7E=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KCWpoh4UKl48VrAf0Iay2WzapZts2J0USug/8eJBEa/+E2/+G7dtDtr6YODx3gwz8/xEcA2O822trK6tb2wWtorbO7t7+/bBYVPLVFHWoFJI1faJZoLHrAEcBGsnipHIF6zlD++nfmvElOYyfoJxwryI9GMeckrASD3bvrt1y7grAgkal/F5tWeXnIozA14mbk5KKEe9Z391A0nTiMVABdG64zoJeBlRwKlgk2I31SwhdEj6rGNoTCKmvWx2+QSfGiXAoVSmYsAz9fdERiKtx5FvOiMCA73oTcX/vE4K4bWX8ThJgcV0vihMBQaJpzHggCtGQYwNIVRxcyumA6IIBRNW0YTgLr68TJrVintZcR8vSrWbPI4COkYn6Ay56ArV0AOqowaiaISe0St6szLrxXq3PuatK1Y+c4T+wPr8AXpRkZk=</latexit>

A = 1, . . . , 32

<latexit sha1_base64="BF8DrLi9Wxyu4TpvtW+bgxEW0aI="></latexit>

↵i
�1 b̃

j
�1/2|0, 0̃i ! gµ⌫ , Bµ⌫ ,�

<latexit sha1_base64="eYKYTWshOYfnYnJJC8WNpaTQqc8="></latexit>

�A
�1/2�

B
�1/2 b̃

j
�1/2|0, 0̃i ! A[AB]

µ

The light spectrum (an example)



THE HETEROTIC STRINGS

This two-dimensional action has only a right-moving supersymmetry, 
while the left-moving waves provide extra degrees of freedom

<latexit sha1_base64="jlXAB4LPlZOZauZPJWzLq5xpxZY="></latexit>

S = � 1

4⇡↵0

Z
d�d⌧

⇥
@↵X

µ@↵X⌫ ⌘µ⌫ � 2i µ
�@+ �µ � 2i�A+@��

A
+

⇤

<latexit sha1_base64="JDdX0sro3BXVO3F0wP5VrW1ubBs=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCBSmJiHpQKHjxJBXsB7SlbLabdulmE3Y3Son5KV48KOLVX+LNf+O2zUFbHww83pthZp4Xcaa043xbuaXlldW1/HphY3Nre8cu7jZUGEtC6yTkoWx5WFHOBK1rpjltRZLiwOO06Y2uJ37zgUrFQnGvxxHtBnggmM8I1kbq2cWkQzBPbtMUXaGyc+we9eySU3GmQIvEzUgJMtR69lenH5I4oEITjpVqu06kuwmWmhFO00InVjTCZIQHtG2owAFV3WR6eooOjdJHfihNCY2m6u+JBAdKjQPPdAZYD9W8NxH/89qx9i+6CRNRrKkgs0V+zJEO0SQH1GeSEs3HhmAimbkVkSGWmGiTVsGE4M6/vEgaJxX3rOLenZaql1kcediHAyiDC+dQhRuoQR0IPMIzvMKb9WS9WO/Wx6w1Z2Uze/AH1ucP9hSSeg==</latexit>

N = (0, 1)

Again, modular invariance of the one-loop vacuum amplitude 
highly constrains the spectrum

<latexit sha1_base64="BLHt76fUmKzXY5yBLC0mFO+5D7E=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KCWpoh4UKl48VrAf0Iay2WzapZts2J0USug/8eJBEa/+E2/+G7dtDtr6YODx3gwz8/xEcA2O822trK6tb2wWtorbO7t7+/bBYVPLVFHWoFJI1faJZoLHrAEcBGsnipHIF6zlD++nfmvElOYyfoJxwryI9GMeckrASD3bvrt1y7grAgkal/F5tWeXnIozA14mbk5KKEe9Z391A0nTiMVABdG64zoJeBlRwKlgk2I31SwhdEj6rGNoTCKmvWx2+QSfGiXAoVSmYsAz9fdERiKtx5FvOiMCA73oTcX/vE4K4bWX8ThJgcV0vihMBQaJpzHggCtGQYwNIVRxcyumA6IIBRNW0YTgLr68TJrVintZcR8vSrWbPI4COkYn6Ay56ArV0AOqowaiaISe0St6szLrxXq3PuatK1Y+c4T+wPr8AXpRkZk=</latexit>

A = 1, . . . , 32

The light and heavy spectrum:



THE HETEROTIC STRINGS

<latexit sha1_base64="G3sE8W6pI4kGuQRCM3F1OXMtgwo="></latexit>

Z =

Z

F

d
2
⌧

⌧62

1

(⌘⌘̄)8
(V8 � S8)(Ō32 + S̄32)

<latexit sha1_base64="dyur/g8Mvo96nU9yZrjSH+9r9BQ="></latexit>

Z =

Z

F

d
2
⌧

⌧62

1

(⌘⌘̄)8
(V8 � S8)(Ō16 + S̄16)(Ō16 + S̄16)

<latexit sha1_base64="O9oYjimysiClU8D7UhORTMHalLQ=">AAACBXicbVBNS8NAEN34WetX1KMeFovgqSQi2mNRBI8V7Ae0IWy2m3bpZhN2J2IJvXjxr3jxoIhX/4M3/43bNqC2Phh4vDfDzLwgEVyD43xZC4tLyyurhbXi+sbm1ra9s9vQcaooq9NYxKoVEM0El6wOHARrJYqRKBCsGQwux37zjinNY3kLw4R5EelJHnJKwEi+fdABdg/Z1civ4A7wiGn8o/h2ySk7E+B54uakhHLUfPuz041pGjEJVBCt266TgJcRBZwKNip2Us0SQgekx9qGSmL2ednkixE+MkoXh7EyJQFP1N8TGYm0HkaB6YwI9PWsNxb/89ophBUv4zJJgUk6XRSmAkOMx5HgLleMghgaQqji5lZM+0QRCia4ognBnX15njROyu5Z2b05LVUv8jgKaB8domPkonNURdeohuqIogf0hF7Qq/VoPVtv1vu0dcHKZ/bQH1gf30vmmHE=</latexit>

E8 ⇥ E8  string

<latexit sha1_base64="Vc/nEwe4HOKZrHS4eN2SWMZw1S4=">AAAB9XicbVDLTgJBEOz1ifhCPXqZSEzwQnbRqEeiF29ilEcCK5kdBpgw+8hMr0o2/IcXDxrj1X/x5t84wB4UrKSTSlV3uru8SAqNtv1tLSwuLa+sZtay6xubW9u5nd2aDmPFeJWFMlQNj2ouRcCrKFDyRqQ49T3J697gcuzXH7jSIgzucBhx16e9QHQFo2ik+xbyJ0xur0ekcFw6aufydtGegMwTJyV5SFFp575anZDFPg+QSap107EjdBOqUDDJR9lWrHlE2YD2eNPQgPpcu8nk6hE5NEqHdENlKkAyUX9PJNTXeuh7ptOn2Nez3lj8z2vG2D13ExFEMfKATRd1Y0kwJOMISEcozlAODaFMCXMrYX2qKEMTVNaE4My+PE9qpaJzWnRuTvLlizSODOzDARTAgTMowxVUoAoMFDzDK7xZj9aL9W59TFsXrHRmD/7A+vwBIfuRnQ==</latexit>

SO(32)  string

At low energy: N=(1,0) SUPERGRAVITY in D=10 with gauge group

<latexit sha1_base64="ZGpQtaWk3eI1sNkPsGz80wX085U=">AAACLXicbVDLSsNAFJ34tr6iLt0MFkE3JVHRboTiA91Z0arQljCZTNvBSSbO3Igl5Ifc+CsiuFDErb/htM2iVQ8MnHvOvdy5x48F1+A479bY+MTk1PTMbGFufmFxyV5eudYyUZTVqBRS3fpEM8EjVgMOgt3GipHQF+zGvzvq+TcPTGkuoyvoxqwZknbEW5wSMJJnH58e4AawR0gvzzO8ubO91bi/T0iQi1JlI/VJ5pUN5SHTQ4pnF52S0wf+S9ycFFGOqme/NgJJk5BFQAXRuu46MTRTooBTwbJCI9EsJvSOtFnd0IiYfc20f22GN4wS4JZU5kWA++rwREpCrbuhbzpDAh392+uJ/3n1BFrlZsqjOAEW0cGiViIwSNyLDgdcMQqiawihipu/YtohilAwARdMCO7vk/+S6+2Su1dyL3aLlcM8jhm0htbRJnLRPqqgM1RFNUTRE3pB7+jDerberE/ra9A6ZuUzq2gE1vcPibKoYA==</latexit>

G = SO(32) or E8 ⇥ E8

<latexit sha1_base64="aMo4TqW6NNKk91UdPQbfYsYZ1F0="></latexit>

SUGRA : {gµ⌫ ,�, Bµ⌫ ; 
µ
L,�R}

<latexit sha1_base64="uFC1UcYkUnRNFHtS+AWpaPrAfAg=">AAACGnicbVDLSgMxFM34rPU16tJNsAgupMyIqKiLShFcCFbpCzplyKRpG5p5kNwRyzDf4cZfceNCEXfixr8xfSy09UDgcM65Se7xIsEVWNa3MTM7N7+wmFnKLq+srq2bG5tVFcaSsgoNRSjrHlFM8IBVgINg9Ugy4nuC1bxeceDX7plUPAzK0I9Y0yedgLc5JaAl17QdYA+QVC+L5Zu7FJ86+9hJ8IXr+DHGZxg7Qt/VIu4odp06qWvmrLw1BJ4m9pjk0Bgl1/x0WiGNfRYAFUSphm1F0EyIBE4FS7NOrFhEaI90WEPTgPhMNZPhaine1UoLt0OpTwB4qP6eSIivVN/3dNIn0FWT3kD8z2vE0D5pJjyIYmABHT3UjgWGEA96wi0uGQXR14RQyfVfMe0SSSjoNrO6BHty5WlSPcjbR3n79jBXOB/XkUHbaAftIRsdowK6QiVUQRQ9omf0it6MJ+PFeDc+RtEZYzyzhf7A+PoBsHyfbQ==</latexit>

VECTOR : {Aµ;�L}



THE STRING COUPLING CONSTANT

String perturbation theory is described by the path integral

<latexit sha1_base64="4ugYGwQkmRE1g7eGb6ZDo7xzU3o="></latexit>

A =
1X

g=0

Z

⌃g

DX Dh e�
R
(@X)2�

R
�R(2)

V1 . . . Vn

=
1X

g=0

g2g�2
s

Z

⌃g

DX Dh e�
R
(@X)2 V1 . . . Vn

<latexit sha1_base64="lM6tVzA8LA1aPhxjr+eep6Rer6U=">AAACB3icbVDLSgMxFL3js9ZX1aUgwSK4KjMi6kYounFZwT6gMw6ZNJ2GZjJDkhHK0J0bf8WNC0Xc+gvu/BvT6Sy09UDg5Jx7b3JPkHCmtG1/WwuLS8srq6W18vrG5tZ2ZWe3peJUEtokMY9lJ8CKciZoUzPNaSeRFEcBp+1geD3x2w9UKhaLOz1KqBfhULA+I1gbya8chL5Cl4jeZy7HIuQUucmAIVfml7Ffqdo1OweaJ05BqlCg4Ve+3F5M0ogKTThWquvYifYyLDUjZl7ZTRVNMBnikHYNFTiiysvyPcboyCg91I+lOUKjXP3dkeFIqVEUmMoI64Ga9Sbif1431f0LL2MiSTUVZPpQP+VIx2gSCuoxSYnmI0Mwkcz8FZEBlphoE13ZhODMrjxPWic156zm3J5W61dFHCXYh0M4BgfOoQ430IAmEHiEZ3iFN+vJerHerY9p6YJV9OzBH1ifPwzqmM8=</latexit>

gs = eh�iThe string couplings constant is



THE LOW-ENERGY EFFECTIVE ACTION 

The Einstein frame

<latexit sha1_base64="lM6tVzA8LA1aPhxjr+eep6Rer6U=">AAACB3icbVDLSgMxFL3js9ZX1aUgwSK4KjMi6kYounFZwT6gMw6ZNJ2GZjJDkhHK0J0bf8WNC0Xc+gvu/BvT6Sy09UDg5Jx7b3JPkHCmtG1/WwuLS8srq6W18vrG5tZ2ZWe3peJUEtokMY9lJ8CKciZoUzPNaSeRFEcBp+1geD3x2w9UKhaLOz1KqBfhULA+I1gbya8chL5Cl4jeZy7HIuQUucmAIVfml7Ffqdo1OweaJ05BqlCg4Ve+3F5M0ogKTThWquvYifYyLDUjZl7ZTRVNMBnikHYNFTiiysvyPcboyCg91I+lOUKjXP3dkeFIqVEUmMoI64Ga9Sbif1431f0LL2MiSTUVZPpQP+VIx2gSCuoxSYnmI0Mwkcz8FZEBlphoE13ZhODMrjxPWic156zm3J5W61dFHCXYh0M4BgfOoQ430IAmEHiEZ3iFN+vJerHerY9p6YJV9OzBH1ifPwzqmM8=</latexit>

gs = eh�i

The string frame
<latexit sha1_base64="ZcxzoglNrdF4vb7sz1VLrNvgltE="></latexit>

S =

Z
d10x

p
�g

n
e�2�

�
R+ 4(@�)2 + . . .

�

<latexit sha1_base64="E1e6pzC1/PpnRYXwo3Ny3HRj38g="></latexit>

S =

Z
d10x

p
�g

�
R+ (@�)2 + . . .

�

<latexit sha1_base64="bhuAu+CiwWRtu05PeMK8JlLjVp8=">AAACNXicdVDLSgMxFM34rPU16tJNsAiKUGaKqEvRjQsXFawKnVoy6Z02mHmQ3BHKMD/lxv9wpQsXirj1F0zrCNrqgZDDOeeS3OMnUmh0nCdrYnJqema2NFeeX1hcWrZXVi90nCoODR7LWF35TIMUETRQoISrRAELfQmX/s3xwL+8BaVFHJ1jP4FWyLqRCARnaKS2fUp3qCchwC1zdWLU1FOi28Nto8N1VqNe0hP5v5Fv4Uh0lZe37YpTdYag48QtSIUUqLftB68T8zSECLlkWjddJ8FWxhQKLiEve6mGhPEb1oWmoRELQbey4dY53TRKhwaxMidCOlR/TmQs1Lof+iYZMuzpUW8g/uU1UwwOWpmIkhQh4l8PBamkGNNBhbQjFHCUfUMYV8L8lfIeU4yjKbpsSnBHVx4nF7Wqu1d1z3Yrh0dFHSWyTjbIFnHJPjkkJ6ROGoSTO/JIXsirdW89W2/W+1d0wipm1sgvWB+f9pepNw==</latexit>

+(. . .) + e2� (. . .) + . . .
o



THE LEEA FOR THE HETEROTIC STRINGS 

<latexit sha1_base64="+sT6sL0FbXfnN/fPlsbXb1e2rGc="></latexit>

S =

Z
d
10
x
p
�gH e

�2�H

�
R(gH) + 4(@�H)

2 � 1

12
H

2

H
� 1

4
TrF 2

H
+ fermions

�

in the Einstein frame
<latexit sha1_base64="vEDHsAyEuVZQOVHvcsTDZuRpGb8=">AAACL3icbVDLSgMxFM34tr6qLt0Ei+BC6kwRdVkUxKWCfUCnDpn0tg1mMkNyRyxD/8iNv+JGRBG3/oXpQ9DaA4HDOfdwc0+YSGHQdV+dmdm5+YXFpeXcyura+kZ+c6tq4lRzqPBYxroeMgNSKKigQAn1RAOLQgm18O584NfuQRsRqxvsJdCMWEeJtuAMrRTkLzpB5iM8YHbZ9w+oH6W+SvvUx5jCbeYnXRH82Iclqx/QqYEgX3CL7hD0P/HGpEDGuAryz34r5mkECrlkxjQ8N8FmxjQKLqGf81MDCeN3rAMNSxWLwDSz4b19umeVFm3H2j6FdKj+TmQsMqYXhXYyYtg1k95AnOY1UmyfNjOhkhRB8dGidiqpbWNQHm0JDRxlzxLGtbB/pbzLNONoK87ZErzJk/+TaqnoHRe966NC+WxcxxLZIbtkn3jkhJTJJbkiFcLJI3kmb+TdeXJenA/nczQ644wz2+QPnK9vHqSptQ==</latexit>

gHµ⌫ ! e�H/2 gHµ⌫

<latexit sha1_base64="h0KKe1VP8UPFodlq6uLPz5vKB5s="></latexit>

S =
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SUMMARY PART ONE

CONSISTENT SUPERSTRING VACUA RESPECT MODULAR INVARIANCE

DECOUPLING OF WAVES ALLOWS EXOTIC CONSTRUCTIONS

THE DILATON PLAYS THE ROLE OF STRING COUPLING CONSTANT

STRING THEORY IS NOT ONLY A THEORY OF STRINGS


