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AS OF TODAY, WE DON’T HAVE ANY EVIDENCE OF 
SUPERSYMMETRY IN NATURE

SUPERSYMMETRY, IF PRESENT, MUST BE BROKEN
AT SUITABLE HIGH ENERGY SCALES

ABSENCE OF SUPERSYMMETRY RAISES MANY QUESTIONS WHICH 
MAY LEAD TO A BETTER UNDERSTANDING OF STRING THEORY
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Coordinate Dependent Compactifications

WAYS TO BREAK SUPERSYMMETRY

Mixing Branes and Orientifold planes v

u

Adding (magnetic) fluxes l
[Bachas 1995]



u
Scherk-Schwarz compactification is an elegant way of breaking 

supersymmetry via compactification

Use symmetries of the action to impose different periodicities 
for fields in a given supermultiplet

COORDINATE DEPENDENT COMPACTIFICATIONS
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u
Scherk-Schwarz compactification is an elegant way of breaking 

supersymmetry via compactification

Use symmetries of the action to impose different periodicities 
for fields in a given supermultiplet
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The radius of the circle sets the scale of supersymmetry breaking. 
SUSY is recovered in the infinite R limit

[Scherk, Schwarz 1979]



String theory is very constrained, and any deformation of the 
spectrum is subject to modular invariance

u
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The twisted sector (the second line) introduces new states which 
include KK and winding excitations of the NS-NS vacuum

[Rohm 1984]
[Kounnas, Rostand 1990]



uIn a theory of (quantum) gravity, the geometric moduli and the 
Wilson lines are dynamical fields, and one should study their 

dynamics to ensure the stability of the construction

Actually, it is expected that in the (pseudo) moduli space 
non-tachyonic theories are continuously connected to tachyonic ones

For instance, this is what happens for the heterotic models 
upon toroidal compactification

[Narain, Sarmadi 1987]

[Ginsparg, Vafa 1987]
[Nair et al 1987]



uIn closed strings, the absence of tachyons is reflected into a 
distribution of excitations which enjoys misaligned supersymmetry
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when the full spectrum is considered
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[Dienes 1994]

[Leone 2023]



uThe vanishing of the effective central charge implies then 
classical stability of the string spectrum
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Are coordinate-dependent compactifications (Scherk-Schwarz) 
really a deformation of the original spectrum?



uWhat happens when we cross the critical point?

Closed string tachyon condensation is not fully understood. 
In some cases, a linear dilaton background emerges 

and space-time is lower dimensional
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[Antoniadis, Derendinger, 
Kounnas 1999]
[Hellerman, Swanson 2007]

[Kaidi 2020]



uHow can we avoid tachyons?

Asymmetric orbifolds have been advocated to eliminate 
geometric moduli and Wilson lines. 

However, new moduli typically emerge in the twisted sector which 
(in principle) can equally deform the vacuum and yield tachyons

After all, most asymmetric orbifold become symmetric 
(and, thus, geometric) in some dual frame



uFor example, take the asymmetric Z4 orbifold

Upon T-duality along the Y direction
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Z̃L,R = XL,R + iỸL,R = XL,R ± iYL,R

and the orbifold becomes again geometrical 
with all its geometrical (neutral) moduli



uAs an example, consider an asymmetric Z2 orbifold of the 
SO(16)xSO(16) heterotic string on the SO(8) lattice

[CA, Florakis, Leone, 
Perugini 2024]
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uTo eliminate these scalars one has to combine the asymmetric 
orbifold with extra symmetries (i.e. outer automorphism)

[CA, Florakis, Leone, 
Perugini 2024]



vBRANE SUPERSYMMETRY BREAKING

As the name suggests, 
it takes place in orientifold models
 with branes and orientifold planes 

It does not have a counterpart 
in heterotic strings

[Sugimoto 1999]

[Antoniadis, Dudas, 
Sagnotti 1999]

[Sagnotti 1987]



vAlready in D=10 there are two options:

Supersymmetric type I superstring 
G=SO(32)

Brane Supersymmetry Breaking 
G=USp(32)
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D9 branes and O9- planes D9 anti-branes and O9+ planes

[Sugimoto 1999]



vAlready in D=10 there are two options:

Supersymmetric type I superstring 
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Brane Supersymmetry Breaking 
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Supersymmetry is hardly broken 
(in open strings) at the string scale!

Tree-level dilaton tadpole

Supersymmetry is exact
[Sugimoto 1999]



vBSB in D=10 after T-dualities

Although tachyon-free by constructions, 
there is evidence that these vacua are only metastable, 

and could decay into supersymmetric type I superstrings

<latexit sha1_base64="GLl5JEHtj0v6mKmh2wsgnoH8UzM=">AAAB8nicbVBNSwMxEM36WetX1aOXYBEEoeyqVI9FL96sYD9gu5Rsmm1Ds8mSzIpl6c/w4kERr/4ab/4b03YP2vpg4PHeDDPzwkRwA6777Swtr6yurRc2iptb2zu7pb39plGppqxBlVC6HRLDBJesARwEayeakTgUrBUObyZ+65Fpw5V8gFHCgpj0JY84JWAlvwPsCbK78Xn3tFsquxV3CrxIvJyUUY56t/TV6SmaxkwCFcQY33MTCDKigVPBxsVOalhC6JD0mW+pJDEzQTY9eYyPrdLDkdK2JOCp+nsiI7Exozi0nTGBgZn3JuJ/np9CdBVkXCYpMElni6JUYFB48j/ucc0oiJElhGpub8V0QDShYFMq2hC8+ZcXSfOs4lUr1fuLcu06j6OADtEROkEeukQ1dIvqqIEoUugZvaI3B5wX5935mLUuOfnMAfoD5/MHBGyRGA==</latexit>

O3+

<latexit sha1_base64="WtFjlz74j6aQxd2vRWKuku9usLc=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXEiZUakui7pwWcE+oDOUTJppQzMPkjtiGcaNv+LGhSJu/Qt3/o2ZtgttPRA4nHNuknu8WHAFlvVtFBYWl5ZXiqultfWNzS1ze6epokRS1qCRiGTbI4oJHrIGcBCsHUtGAk+wlje8yv3WPZOKR+EdjGLmBqQfcp9TAlrqmnuBc4ydSEfyG1IH2AOk19lp1jXLVsUaA88Te0rKaIp61/xyehFNAhYCFUSpjm3F4KZEAqeCZSUnUSwmdEj6rKNpSAKm3HS8QYYPtdLDfiT1CQGP1d8TKQmUGgWeTgYEBmrWy8X/vE4C/oWb8jBOgIV08pCfCAwRzuvAPS4ZBTHShFDJ9V8xHRBJKOjSSroEe3bledI8qdjVSvX2rFy7nNZRRPvoAB0hG52jGrpBddRAFD2iZ/SK3own48V4Nz4m0YIxndlFf2B8/gCYlpcD</latexit>

mD3
The gauge theory is 

naturally driven towards 
strong coupling

<latexit sha1_base64="WtFjlz74j6aQxd2vRWKuku9usLc=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXEiZUakui7pwWcE+oDOUTJppQzMPkjtiGcaNv+LGhSJu/Qt3/o2ZtgttPRA4nHNuknu8WHAFlvVtFBYWl5ZXiqultfWNzS1ze6epokRS1qCRiGTbI4oJHrIGcBCsHUtGAk+wlje8yv3WPZOKR+EdjGLmBqQfcp9TAlrqmnuBc4ydSEfyG1IH2AOk19lp1jXLVsUaA88Te0rKaIp61/xyehFNAhYCFUSpjm3F4KZEAqeCZSUnUSwmdEj6rKNpSAKm3HS8QYYPtdLDfiT1CQGP1d8TKQmUGgWeTgYEBmrWy8X/vE4C/oWb8jBOgIV08pCfCAwRzuvAPS4ZBTHShFDJ9V8xHRBJKOjSSroEe3bledI8qdjVSvX2rFy7nNZRRPvoAB0hG52jGrpBddRAFD2iZ/SK3own48V4Nz4m0YIxndlFf2B8/gCYlpcD</latexit>

mD3

<latexit sha1_base64="cBGsvBy4Gx/envnUaP2hoJL7x4Y=">AAACHXicbVDLSgNBEJyNrxhfqx69DAZBEMOuinoM6sGbEYwK2RBmZztmyOyDmV41LPkRL/6KFw+KePAi/o2TZBFfBQPVVd30dPmJFBod58MqjI1PTE4Vp0szs3PzC/bi0rmOU8WhzmMZq0ufaZAigjoKlHCZKGChL+HC7x4O/ItrUFrE0Rn2EmiG7CoSbcEZGqll73g3IgAUMoDMQ7jF7KS/3W9tUk+LkH4pRtjIqyNT2WWn4gxB/xI3J2WSo9ay37wg5mkIEXLJtG64ToLNjCkUXEK/5KUaEsa77AoahkYsBN3Mhtf16ZpRAtqOlXkR0qH6fSJjoda90DedIcOO/u0NxP+8Rort/WYmoiRFiPhoUTuVFGM6iIoGQgFH2TOEcSXMXynvMMU4mkBLJgT398l/yflWxd2t7J7ulKsHeRxFskJWyTpxyR6pkmNSI3XCyR15IE/k2bq3Hq0X63XUWrDymWXyA9b7Jz3yofs=</latexit>

Õ3→ → O3→ +D3

[CA, Dudas 2007]



vBSB in D=10 after T-dualities

Although tachyon-free by constructions, 
there is evidence that these vacua are only metastable, 

and could decay into supersymmetric type I superstrings
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O3+

<latexit sha1_base64="WtFjlz74j6aQxd2vRWKuku9usLc=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXEiZUakui7pwWcE+oDOUTJppQzMPkjtiGcaNv+LGhSJu/Qt3/o2ZtgttPRA4nHNuknu8WHAFlvVtFBYWl5ZXiqultfWNzS1ze6epokRS1qCRiGTbI4oJHrIGcBCsHUtGAk+wlje8yv3WPZOKR+EdjGLmBqQfcp9TAlrqmnuBc4ydSEfyG1IH2AOk19lp1jXLVsUaA88Te0rKaIp61/xyehFNAhYCFUSpjm3F4KZEAqeCZSUnUSwmdEj6rKNpSAKm3HS8QYYPtdLDfiT1CQGP1d8TKQmUGgWeTgYEBmrWy8X/vE4C/oWb8jBOgIV08pCfCAwRzuvAPS4ZBTHShFDJ9V8xHRBJKOjSSroEe3bledI8qdjVSvX2rFy7nNZRRPvoAB0hG52jGrpBddRAFD2iZ/SK3own48V4Nz4m0YIxndlFf2B8/gCYlpcD</latexit>

mD3
The gauge theory is 

naturally driven towards 
strong coupling

<latexit sha1_base64="WtFjlz74j6aQxd2vRWKuku9usLc=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXEiZUakui7pwWcE+oDOUTJppQzMPkjtiGcaNv+LGhSJu/Qt3/o2ZtgttPRA4nHNuknu8WHAFlvVtFBYWl5ZXiqultfWNzS1ze6epokRS1qCRiGTbI4oJHrIGcBCsHUtGAk+wlje8yv3WPZOKR+EdjGLmBqQfcp9TAlrqmnuBc4ydSEfyG1IH2AOk19lp1jXLVsUaA88Te0rKaIp61/xyehFNAhYCFUSpjm3F4KZEAqeCZSUnUSwmdEj6rKNpSAKm3HS8QYYPtdLDfiT1CQGP1d8TKQmUGgWeTgYEBmrWy8X/vE4C/oWb8jBOgIV08pCfCAwRzuvAPS4ZBTHShFDJ9V8xHRBJKOjSSroEe3bledI8qdjVSvX2rFy7nNZRRPvoAB0hG52jGrpBddRAFD2iZ/SK3own48V4Nz4m0YIxndlFf2B8/gCYlpcD</latexit>

mD3

<latexit sha1_base64="cBGsvBy4Gx/envnUaP2hoJL7x4Y=">AAACHXicbVDLSgNBEJyNrxhfqx69DAZBEMOuinoM6sGbEYwK2RBmZztmyOyDmV41LPkRL/6KFw+KePAi/o2TZBFfBQPVVd30dPmJFBod58MqjI1PTE4Vp0szs3PzC/bi0rmOU8WhzmMZq0ufaZAigjoKlHCZKGChL+HC7x4O/ItrUFrE0Rn2EmiG7CoSbcEZGqll73g3IgAUMoDMQ7jF7KS/3W9tUk+LkH4pRtjIqyNT2WWn4gxB/xI3J2WSo9ay37wg5mkIEXLJtG64ToLNjCkUXEK/5KUaEsa77AoahkYsBN3Mhtf16ZpRAtqOlXkR0qH6fSJjoda90DedIcOO/u0NxP+8Rort/WYmoiRFiPhoUTuVFGM6iIoGQgFH2TOEcSXMXynvMMU4mkBLJgT398l/yflWxd2t7J7ulKsHeRxFskJWyTpxyR6pkmNSI3XCyR15IE/k2bq3Hq0X63XUWrDymWXyA9b7Jz3yofs=</latexit>

Õ3→ → O3→ +D3

tachyon

[CA, Dudas 2007]



vBSB in D=10 after T-dualities

Although tachyon-free by constructions, 
there is evidence that these vacua are only metastable, 

and could decay into supersymmetric type I superstrings

[CA, Dudas 2007]
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O3+

<latexit sha1_base64="WtFjlz74j6aQxd2vRWKuku9usLc=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXEiZUakui7pwWcE+oDOUTJppQzMPkjtiGcaNv+LGhSJu/Qt3/o2ZtgttPRA4nHNuknu8WHAFlvVtFBYWl5ZXiqultfWNzS1ze6epokRS1qCRiGTbI4oJHrIGcBCsHUtGAk+wlje8yv3WPZOKR+EdjGLmBqQfcp9TAlrqmnuBc4ydSEfyG1IH2AOk19lp1jXLVsUaA88Te0rKaIp61/xyehFNAhYCFUSpjm3F4KZEAqeCZSUnUSwmdEj6rKNpSAKm3HS8QYYPtdLDfiT1CQGP1d8TKQmUGgWeTgYEBmrWy8X/vE4C/oWb8jBOgIV08pCfCAwRzuvAPS4ZBTHShFDJ9V8xHRBJKOjSSroEe3bledI8qdjVSvX2rFy7nNZRRPvoAB0hG52jGrpBddRAFD2iZ/SK3own48V4Nz4m0YIxndlFf2B8/gCYlpcD</latexit>

mD3
The gauge theory is 

naturally driven towards 
strong coupling

<latexit sha1_base64="TwJljZ1goKqrPrnY6UUZIuxE1nY=">AAAB8nicbVBNSwMxEM36WetX1aOXYBG8WHZVqseiF29WsB+wXUo2zbah2WRJZsWy9Gd48aCIV3+NN/+NabsHbX0w8Hhvhpl5YSK4Adf9dpaWV1bX1gsbxc2t7Z3d0t5+06hUU9agSijdDolhgkvWAA6CtRPNSBwK1gqHNxO/9ci04Uo+wChhQUz6kkecErCS3wH2BNnd+Lx72i2V3Yo7BV4kXk7KKEe9W/rq9BRNYyaBCmKM77kJBBnRwKlg42InNSwhdEj6zLdUkpiZIJuePMbHVunhSGlbEvBU/T2RkdiYURzazpjAwMx7E/E/z08hugoyLpMUmKSzRVEqMCg8+R/3uGYUxMgSQjW3t2I6IJpQsCkVbQje/MuLpHlW8aqV6v1FuXadx1FAh+gInSAPXaIaukV11EAUKfSMXtGbA86L8+58zFqXnHzmAP2B8/kDB3SRGg==</latexit>

O3→

<latexit sha1_base64="SAM5tYGDsPRCH69DfW8cE0sNSk0=">AAACBnicbVDLSgMxFM3UV62vqksRgkWooGVGpbos6sJlBfuAzlAyaaaGZiZDckcsQ1du/BU3LhRx6ze4829MHwttPRA4nHNuknv8WHANtv1tZebmFxaXssu5ldW19Y385lZdy0RRVqNSSNX0iWaCR6wGHARrxoqR0Bes4fcuh37jninNZXQL/Zh5IelGPOCUgJHa+d1ieOQcYPcQu9LkhtekLrAHSK8GJ4N2vmCX7BHwLHEmpIAmqLbzX25H0iRkEVBBtG45dgxeShRwKtgg5yaaxYT2SJe1DI1IyLSXjtYY4H2jdHAglTkR4JH6eyIlodb90DfJkMCdnvaG4n9eK4Hg3Et5FCfAIjp+KEgEBomHneAOV4yC6BtCqOLmr5jeEUUomOZypgRneuVZUj8uOeVS+ea0ULmY1JFFO2gPFZGDzlAFXaMqqiGKHtEzekVv1pP1Yr1bH+NoxprMbKM/sD5/AKKgmAQ=</latexit>

(m→ 1)D3



vLower dimensional vacua with BSB

Often, in lower dimensions BSB is not an option but the 
only vacuum consistent with the orientifold construction

Is this a metastable vacuum?
In the “simple” Z2 orbifold compactification similar 

processes might occur

However, in other orbifold compactifications the 
cancellation of twisted tadpoles make the model 

extremely rigid and its fate is far from being obvious

[Antoniadis, Dudas, 
Sagnotti 1999]

[CA, Dudas 2007]

[CA, Condeescu, 
Dudas, Leone 2024]
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<latexit sha1_base64="gWvZdovRxORXNnwnG2juq2n95/4="></latexit>
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Æ0

<latexit sha1_base64="Xr67MzEp1BWxu6SdQpKixcf1SVo="></latexit>

[C.A., Antoniadis; C.A. Cardella]uv+



vWhich vacuum for BSB (or non-susy) models?

For the SO(16) x SO(16) heterotic theory

<latexit sha1_base64="UBZz8OeH4vAB9mD64vE2Jo3mWIU=">AAACD3icbZC7TsMwFIZPyq2UW4CRxaICMVUJoMJYYGEsKr1IbYgcx2mtOhfZDlIV9Q1YeBUWBhBiZWXjbXAvA7T9JUuf/nOOjs/vJZxJZVk/Rm5peWV1Lb9e2Njc2t4xd/caMk4FoXUS81i0PCwpZxGtK6Y4bSWC4tDjtOn1b0b15iMVksXRvRok1AlxN2IBI1hpyzWPr/yae4Y6ioVUotrDYrRds2iVrLHQPNhTKMJUVdf87vgxSUMaKcKxlG3bSpSTYaEY4XRY6KSSJpj0cZe2NUZYL3Ky8T1DdKQdHwWx0C9SaOz+nchwKOUg9HRniFVPztZG5qJaO1XBpZOxKEkVjchkUZBypGI0Cgf5TFCi+EADJoLpvyLSwwITpSMs6BDs2ZPnoXFassul8t15sXI9jSMPB3AIJ2DDBVTgFqpQBwJP8AJv8G48G6/Gh/E5ac0Z05l9+Cfj6xfGt5qg</latexit>

AdS3 → S3 → S3 → S1

Is supposed to be a stable vacuum, 
even when the one-loop vacuum energy is added

Is it really stable in string  theory?

[Baykara, Robbins, 
Sethi 2023]



vWhich vacuum for BSB (or non-susy) models?

Whenever supersymmetry is broken a tadpole for the 
dilaton emerges at some order in perturbation theory

Spontaneous compactification à la Dudas-Mourad?

Minkowski is no-longer a vacuum solution.

Fluxes vs vacuum energy can yield (stable) AdS vacua

What are the end-of-the-world branes?

[Dudas, Mourad 2000]

[Basile, Mourad, 
Raucci, Sagnotti, 
Tomasiello, …]
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THE KLEIN BOTTLE AMPLITUDE WITH BSB

The big difference is that these orientifold planes carry twisted charge.

This is possible, because the new orientifold projection yields tensor 
multiplets from each g2 fixed point, and a tensor multiplet also contains 

a non-dynamical (twisted) 6-form

Which O-planes do carry this twisted charge?



THE KLEIN BOTTLE AMPLITUDE WITH BSB

<latexit sha1_base64="v9y0Gkzgh3icfUsdlOgzFHkx3l0=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2MgF48RzAOSJcxOZpMxszPLTK8QlvyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXmAhu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmayFGwTqIZiUPB2uG4PvPbT0wbruQDThIWxGQoecQpQSu1eshjZvrlilf15nBXiZ+TCuRo9MtfvYGiacwkUkGM6fpegkFGNHIq2LTUSw1LCB2TIetaKoldEmTza6fumVUGbqS0LYnuXP09kZHYmEkc2s6Y4MgsezPxP6+bYnQbZFwmKTJJF4uiVLio3Nnr7oBrRlFMLCFUc3urS0dEE4o2oJINwV9+eZW0Lqr+dfXq/rJSq+dxFOEETuEcfLiBGtxBA5pA4RGe4RXeHOW8OO/Ox6K14OQzx/AHzucPubiPPw==</latexit>⇥



THE KLEIN BOTTLE AMPLITUDE WITH BSB

<latexit sha1_base64="v9y0Gkzgh3icfUsdlOgzFHkx3l0=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2MgF48RzAOSJcxOZpMxszPLTK8QlvyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXmAhu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmayFGwTqIZiUPB2uG4PvPbT0wbruQDThIWxGQoecQpQSu1eshjZvrlilf15nBXiZ+TCuRo9MtfvYGiacwkUkGM6fpegkFGNHIq2LTUSw1LCB2TIetaKoldEmTza6fumVUGbqS0LYnuXP09kZHYmEkc2s6Y4MgsezPxP6+bYnQbZFwmKTJJF4uiVLio3Nnr7oBrRlFMLCFUc3urS0dEE4o2oJINwV9+eZW0Lqr+dfXq/rJSq+dxFOEETuEcfLiBGtxBA5pA4RGe4RXeHOW8OO/Ox6K14OQzx/AHzucPubiPPw==</latexit>⇥

Only Z4 O-planes are fractional

<latexit sha1_base64="kwR/d0udcV56mdRCfsuk2Bi9rLE="></latexit>

K̃ ⇠
4X

a=1

25 �2,0



ADDING D-BRANES. THE LIGHT SPECTRUM

Clearly, this construction calls for fractional D9 and anti-D5 branes

<latexit sha1_base64="emVl1f4RrQaWVnz2Um/ud94cYHA=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSII1pIUXxuh0I3LCvYBbQiT6aQdOpmEmYlYSn/FjQtF3Poj7vwbp20W2nrgwuGce7n3niDhTGnH+bZWVtfWNzZzW/ntnd29ffug0FRxKgltkJjHsh1gRTkTtKGZ5rSdSIqjgNNWMKxN/dYjlYrF4kGPEupFuC9YyAjWRvLtgvDdM+FX0DmqROjW6ZZKvl10ys4MaJm4GSlChrpvf3V7MUkjKjThWKmO6yTaG2OpGeF0ku+miiaYDHGfdgwVOKLKG89un6ATo/RQGEtTQqOZ+ntijCOlRlFgOiOsB2rRm4r/eZ1UhzfemIkk1VSQ+aIw5UjHaBoE6jFJieYjQzCRzNyKyABLTLSJK29CcBdfXibNStm9Kl/eXxSrtSyOHBzBMZyCC9dQhTuoQwMIPMEzvMKbNbFerHfrY966YmUzh/AH1ucPC4aR3w==</latexit>

n1 + n2 � 2m = 0 ,

untwisted

g+g3 twisted

g2 twisted, Z2 f.p.’s

g2 twisted, Z4 f.p.’s

<latexit sha1_base64="P4hSs+XMueWwQIoioVj5Ws6JbAQ="></latexit>

n1 + n2 + 2m = 32 ,
4X

a=1

d1,a + d2,a = 32 ,

<latexit sha1_base64="KufnU2qwq+MJ9pqs1eaXv2wI7ds="></latexit>

n1 + n2 � 2m+ 4 (d1,a + d2,a) = 32 ,

[ADS 1999]

<latexit sha1_base64="NXiQLcToIVq6YjeboTlMYFLpqqs=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UQaUtSfG2EQjcuK9gHNCVMJtN26GSSzkyEEvoPbvwVNy4UcevGnX/jNM1CWw8M93DOvdy5x4sYlcqyvo3cyura+kZ+s7C1vbO7Z+4ftGQYC0yaOGSh6HhIEkY5aSqqGOlEgqDAY6Ttjeozv/1AhKQhv1eTiPQCNOC0TzFSWnLNM+7asAy5W4U3llMqOeNxjHzou4ldQtOyrlVdU8s1i1bFSgGXiZ2RIsjQcM0vxw9xHBCuMENSdm0rUr0ECUUxI9OCE0sSITxCA9LVlKOAyF6S3jSFJ1rxYT8U+nEFU/X3RIICKSeBpzsDpIZy0ZuJ/3ndWPWvewnlUawIx/NF/ZhBFcJZQNCngmDFJpogLKj+K8RDJBBWOsaCDsFePHmZtKoV+7JycXderNWzOPLgCByDU2CDK1ADt6ABmgCDR/AMXsGb8WS8GO/Gx7w1Z2Qzh+APjM8fknea3g==</latexit>

n1 � n2 = 0 , d1,a � d2,a = 0 ,



ADDING D-BRANES. THE LIGHT SPECTRUM

Clearly, this construction calls for fractional D9 and anti-D5 branes

<latexit sha1_base64="emVl1f4RrQaWVnz2Um/ud94cYHA=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSII1pIUXxuh0I3LCvYBbQiT6aQdOpmEmYlYSn/FjQtF3Poj7vwbp20W2nrgwuGce7n3niDhTGnH+bZWVtfWNzZzW/ntnd29ffug0FRxKgltkJjHsh1gRTkTtKGZ5rSdSIqjgNNWMKxN/dYjlYrF4kGPEupFuC9YyAjWRvLtgvDdM+FX0DmqROjW6ZZKvl10ys4MaJm4GSlChrpvf3V7MUkjKjThWKmO6yTaG2OpGeF0ku+miiaYDHGfdgwVOKLKG89un6ATo/RQGEtTQqOZ+ntijCOlRlFgOiOsB2rRm4r/eZ1UhzfemIkk1VSQ+aIw5UjHaBoE6jFJieYjQzCRzNyKyABLTLSJK29CcBdfXibNStm9Kl/eXxSrtSyOHBzBMZyCC9dQhTuoQwMIPMEzvMKbNbFerHfrY966YmUzh/AH1ucPC4aR3w==</latexit>

n1 + n2 � 2m = 0 ,

untwisted

g+g3 twisted

g2 twisted, Z2 f.p.’s

g2 twisted, Z4 f.p.’s

<latexit sha1_base64="P4hSs+XMueWwQIoioVj5Ws6JbAQ="></latexit>

n1 + n2 + 2m = 32 ,
4X

a=1

d1,a + d2,a = 32 ,

<latexit sha1_base64="3/2eVCqM4+lj5+JQ/i3W4JOsjt4=">AAACEXicbVDJSgNBEO2JW4xb1KOXxiBEDGEmxuUiBHLxGMEskBmGnk5P0qRnobtGCEN+wYu/4sWDIl69efNv7CwHTXzQ1OO9KqrrebHgCkzz28isrK6tb2Q3c1vbO7t7+f2DlooSSVmTRiKSHY8oJnjImsBBsE4sGQk8wdresD7x2w9MKh6F9zCKmROQfsh9Tgloyc0Xq9guYVswH4q456ZWiYzPdK3oakveH8DpzXnFLpXcfMEsm1PgZWLNSQHN0XDzX3YvoknAQqCCKNW1zBiclEjgVLBxzk4Uiwkdkj7rahqSgCknnV40xida6WE/kvqFgKfq74mUBEqNAk93BgQGatGbiP953QT8ayflYZwAC+lskZ8IDBGexIN7XDIKYqQJoZLrv2I6IJJQ0CHmdAjW4snLpFUpW5fli7tqoVafx5FFR+gYFZGFrlAN3aIGaiKKHtEzekVvxpPxYrwbH7PWjDGfOUR/YHz+AAiYmqg=</latexit>

4 (d1,a + d2,a) = 32 ,

<latexit sha1_base64="NXiQLcToIVq6YjeboTlMYFLpqqs=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UQaUtSfG2EQjcuK9gHNCVMJtN26GSSzkyEEvoPbvwVNy4UcevGnX/jNM1CWw8M93DOvdy5x4sYlcqyvo3cyura+kZ+s7C1vbO7Z+4ftGQYC0yaOGSh6HhIEkY5aSqqGOlEgqDAY6Ttjeozv/1AhKQhv1eTiPQCNOC0TzFSWnLNM+7asAy5W4U3llMqOeNxjHzou4ldQtOyrlVdU8s1i1bFSgGXiZ2RIsjQcM0vxw9xHBCuMENSdm0rUr0ECUUxI9OCE0sSITxCA9LVlKOAyF6S3jSFJ1rxYT8U+nEFU/X3RIICKSeBpzsDpIZy0ZuJ/3ndWPWvewnlUawIx/NF/ZhBFcJZQNCngmDFJpogLKj+K8RDJBBWOsaCDsFePHmZtKoV+7JycXderNWzOPLgCByDU2CDK1ADt6ABmgCDR/AMXsGb8WS8GO/Gx7w1Z2Qzh+APjM8fknea3g==</latexit>

n1 � n2 = 0 , d1,a � d2,a = 0 ,



ADDING D-BRANES. THE LIGHT SPECTRUM

LH fermion

<latexit sha1_base64="/CjLmVfF5BP1h+rlkAntfkpdvfw="></latexit>

(28,1,1;~1,~1) + (1,28,1;~1,~1) + (1,1,64;~1,~1) +
4X

a=1

(1,1,1;6a,1a) + (1,1,1;1a,6a)

<latexit sha1_base64="7YtcpEs/7DiEd1ff+LY7oOcAcx8="></latexit>

(8,1, 8̄;~1,~1) + (1,8,8;~1,~1) Hyper

<latexit sha1_base64="JoauGa4bO1buauc6MasphKcdE4s="></latexit>

4X

a=1

(8,1,1;4a,1a) + (1,8,1;1a,4a) LH (half) fermion

<latexit sha1_base64="tpgVN8m2PTqWO6JCcith6oDc1xE="></latexit>

4X

a=1

(1,1,8+ 8̄;4a,1a) + (1,1,8+ 8̄;1a,4a) real scalar

<latexit sha1_base64="xDwZY0xZAWqpx2ZGS+uAUOosgOE="></latexit>

GCP = SO(8)
2 ⇥U(8)
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ADDING D-BRANES. THE LIGHT SPECTRUM

LH fermion

<latexit sha1_base64="/CjLmVfF5BP1h+rlkAntfkpdvfw="></latexit>

(28,1,1;~1,~1) + (1,28,1;~1,~1) + (1,1,64;~1,~1) +
4X

a=1

(1,1,1;6a,1a) + (1,1,1;1a,6a)

<latexit sha1_base64="7YtcpEs/7DiEd1ff+LY7oOcAcx8="></latexit>

(8,1, 8̄;~1,~1) + (1,8,8;~1,~1) Hyper

<latexit sha1_base64="JoauGa4bO1buauc6MasphKcdE4s="></latexit>

4X

a=1

(8,1,1;4a,1a) + (1,8,1;1a,4a) LH (half) fermion

<latexit sha1_base64="tpgVN8m2PTqWO6JCcith6oDc1xE="></latexit>

4X

a=1

(1,1,8+ 8̄;4a,1a) + (1,1,8+ 8̄;1a,4a) real scalar

<latexit sha1_base64="xDwZY0xZAWqpx2ZGS+uAUOosgOE="></latexit>

GCP = SO(8)
2 ⇥U(8)
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9
⇥ [USp(4)⇥USp(4)]
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ADDING DEFECTS. D1 AND D5’ BRANES

<latexit sha1_base64="4bWSteOAQaKolxnFE0QVMnaIEH8=">AAACMHicbZBbSwJBFMdn7WZ2s3rsZUgCfZFd6fYSCAb2llFqoMsyO446OHth5mwkix+plz5KvRQU0WufolkVKu3AwP/8zjmcOX83FFyBab4aqYXFpeWV9GpmbX1jcyu7vdNQQSQpq9NABPLWJYoJ7rM6cBDsNpSMeK5gTXdQSerNOyYVD/wbGIbM9kjP511OCWjkZKtVpw3sHuJza4TP8ERfX47y0rEKOuUeUz8Ua1yawfWEFpxsziya48DzwpqKHJpGzck+tTsBjTzmAxVEqZZlhmDHRAKngo0y7UixkNAB6bGWlj7RG+14fPAIH2jSwd1A6ucDHtPfEzHxlBp6ru70CPTVbC2B/9VaEXRP7Zj7YQTMp5NF3UhgCHDiHu5wySiIoRaESq7/immfSEJBe5zRJlizJ8+LRqloHRePrg5z5crUjjTaQ/sojyx0gsroAtVQHVH0gJ7RG3o3Ho0X48P4nLSmjOnMLvoTxtc3xCeoNw==</latexit>

GD1 = SO(r1)⇥ SO(r2)⇥U(r)

D5’ branes are instantons for D9’s

<latexit sha1_base64="f8cjr/LFNa6r59XAcv2bMFrgCSE="></latexit>

GD50 = USp(r1)⇥USp(r2)⇥U(r)

Anomaly inflow is cancelled on defects by a unitary theory

Witten interpretation of branes seems to fail

[Kim, Shiu, Vafa 2019]

[Witten 1995]

D5 branes are not instanton for D9’s

D1 branes are not instanton for D5’s

<latexit sha1_base64="yZns40E3GtUZNh2g+4w63FyyfSo="></latexit>

GCP = SO(8)⇥ SO(8)⇥U(8)

���
9
⇥ [USp(4)⇥USp(4)]
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5̄


