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Chiral Composite Linear Dilaton
• We propose a novel string worldsheet theory 

“Chiral Composite Linear Dilaton”
<latexit sha1_base64="A9T7rkekHKgnl3PReg1wK+fU0Ho="></latexit>
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•  : (1,0) form, Lagrange multiplier. 

•  : (0,0) form, a complex target-space coordinate. 

• . A composite linear dilaton. 
• Highly non-linear action, but computable. 
• Integrating out  : localization to holomorphic maps. 

• Central charge .

β
γ
φ = log(∂γ∂̄γ̄)

β ⇒ ∂̄γ = 0
cCLD = 2 + 24q
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•  : (1,0) form, Lagrange multiplier. 

•  : (0,0) form, a complex target-space coordinate. 

• . A composite linear dilaton. 
• Highly non-linear action, but computable. 
• Integrating out  : localization to holomorphic maps. 

• Central charge .

β
γ
φ = log(∂γ∂̄γ̄)

β ⇒ ∂̄γ = 0
cCLD = 2 + 24q

• Worldsheet descriptions of
• Chiral 2d YM. 
• Symmetric product orbifold of arbitrary seed CFT with . 
• Generalized Veneziano amplitude.

c < 24
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• AdS/CFT and gauge/string duality have been and still are a rich 
source of inspiration and progress.

• But for further progress & generalization, it is important to 
understand the inner working of known correspondences.

Strongly coupled phenomena in QFT  Semiclassical gravity / string↔
Concrete computation in QFT  Conceptual questions / conjectures in QG↔

String dual of confining gauge theory? 
Holography for cosmological spacetime / closed universe?

Motivation 1: gauge/string duality



Motivation 1: gauge/string duality
• AdS/CFT and gauge/string duality have been and still are a rich 

source of inspiration and progress.

• But for further progress & generalization, it is important to 
understand the inner working of known correspondences.

Strongly coupled phenomena in QFT  Semiclassical gravity / string↔
Concrete computation in QFT  Conceptual questions / conjectures in QG↔

String dual of confining gauge theory? 
Holography for cosmological spacetime / closed universe?

• One strategy: Focus on cases in which QFT is simple.
• Symmetric product orbifold of   String on  with  

• Free  SYM  String in (ambi-)twistor space? 
• Twisted holography

T4 ↔ AdS3 × S3 k = 1
𝒩 = 4 ↔

Eberhardt, Gabrediel, Gopakumar

Gopakumar, Witten, Berkovits, Gaberdiel, Gopakumar

Costello, Gaiotto, Paquette, ….



• Still,  many other simple large  QFTs with no known duals.∃ N
• Symmetric product orbifold of other seed CFTs? 
• 2d YM (the simplest confining gauge theory)



Motivation 2: generalized Veneziano

• Dual resonance amplitudes: precursor of string theory

Veneziano amplitude

<latexit sha1_base64="M5ysEhW5IxiuSjkH2JovASy5wFk=">AAACGXicbZDLSsNAFIYn9VbrLerSTbAILWhJRKoboepClxXsBdpQJtNJO3QmCTMnQgl9DTe+ihsXirjUlW/jtI2o1R8GvvnPOcyc34s4U2DbH0Zmbn5hcSm7nFtZXVvfMDe36iqMJaE1EvJQNj2sKGcBrQEDTpuRpFh4nDa8wcW43rilUrEwuIFhRF2BewHzGcGgrY5pnxXUPhRP277EJGlfYiFw4UAVvwiKo293fOuYebtkT2T9BSeFPEpV7Zhv7W5IYkEDIBwr1XLsCNwES2CE01GuHSsaYTLAPdrSGGBBlZtMNhtZe9rpWn4o9QnAmrg/JxIslBoKT3cKDH01Wxub/9VaMfgnbsKCKAYakOlDfswtCK1xTFaXSUqADzVgIpn+q0X6WGcEOsycDsGZXfkv1A9LTrlUvj7KV87TOLJoB+2iAnLQMaqgK1RFNUTQHXpAT+jZuDcejRfjddqaMdKZbfRLxvsnLlCekg==</latexit>
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A(s, t, u) =
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�(1 + s)�(1 + t)�(1 + u)

Virasoro-Shapiro amplitude

• Remarkable properties
• Linear Regge trajectories, infinite resonances. 
• Resonances in different channels in a single mathematical expression. 
• Unitary below . 
• Consistent weakly interacting amplitudes of higher spin particles.

d ≤ 10

• Revival of interest
• Uniqueness: How unique are they? 
• Search for large N QCD amplitudes: Are there deformations that describe 

meson amplitudes of large N QCD? 
• S-matrix bootstrap

Cheng, Remmen, Arkani-Hamed, Figueiredo, Sciotti, Tarquini…

Albert, Knopp, Henriksson, Rastelli, Vichi, Jepsen, Haring, Zhiboedov, 
Berman, Elvang, Geiser, Lin, Eckner, Figueroa, Tourkine,…

•  many generalizations of 4-pt amplitudes.∃



• A class of generalized Veneziano amplitudes Mandelstam
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Motivation 2: generalized Veneziano

• Unitarity in  was recently analyzed inD = 4 Haring, Zhiboedov

• No worldsheet description, no higher-point generalization known.



• Symmetric product orbifold of other seed CFTs? 
• 2d YM (the simplest confining gauge theory)

CLD as a common answer

• Worldsheet description of generalized Veneziano amplitudes?

•  many other simple large  QFTs with no known duals.∃ N



• Symmetric product orbifold of other seed CFTs? 
• 2d YM (the simplest confining gauge theory)

CLD as a common answer

• Worldsheet description of generalized Veneziano amplitudes?

• Chiral Composite Linear Dilaton is an answer to both questions.

•  many other simple large  QFTs with no known duals.∃ N
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Action and stress tensor
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• Linear in  . Highly non-linear in . 

•  and  OPE is unaffected by nonlinearity:
β γ

γγ βγ
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•  OPE is non-linear and non-standard:ββ
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Derived from path integral 
(later)

• Stress tensor can be derived from  :δ/δgab
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Stress tensor OPE

• Using OPEs, stress tensor OPEs can be computed 
(simplification: stress tensor is linear in )β
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Consistent with conformal symmetry. Central charge c = 2 + 24q
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• It is also easy to check that  is  and  is  operators.γ (0,0) β (1,0)

• To derive it, one sometimes needs to deal with
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Dual to Symmetric Product Orbifold
• We propose that string dual to symmetric product orbifold of seed CFT 

 is given bySseed
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q = 1� cseed
24

• Evidence: torus partition function (torus target space)
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• Integrating out  gives localization to  (holomorphic map).β ∂̄γ = 0

• In addition, any maps with “branch point”  is suppressed 
since

∂γ(z*) = 0
<latexit sha1_base64="A7Jk/gOCXm27UMgzMlg384OtgGY="></latexit>

@�(z⇤) = 0 ! ' = log(@�@̄�̄) = �1 ! e�SCLD = 0 .

• Such maps exist only when the worldsheet is also torus (genus 1)
<latexit sha1_base64="D/MRarliV0fjTydz0FhmSrSKuJw="></latexit>

�

R
=

(M � ⌧̄W )z + (⌧W �M)z̄

⌧ � ⌧̄

<latexit sha1_base64="iWlESAyD+hx5IL87iBwmnrLJ+UQ=">AAAB+nicbVDLSgNBEJz1GeNro0cvg0EQhLAbJHoRgl68CBHMA5JNmJ30JkNmdpeZWSWu+RQvHhTx6pd482+cPA6aWNBQVHXT3eXHnCntON/W0vLK6tp6ZiO7ubW9s2vn9moqSiSFKo14JBs+UcBZCFXNNIdGLIEIn0PdH1yN/fo9SMWi8E4PY/AE6YUsYJRoI3Xs3M2FaKfu6KT1CJpg0S527LxTcCbAi8SdkTyaodKxv1rdiCYCQk05UarpOrH2UiI1oxxG2VaiICZ0QHrQNDQkApSXTk4f4SOjdHEQSVOhxhP190RKhFJD4ZtOQXRfzXtj8T+vmejg3EtZGCcaQjpdFCQc6wiPc8BdJoFqPjSEUMnMrZj2iSRUm7SyJgR3/uVFUisW3FKhdHuaL1/O4sigA3SIjpGLzlAZXaMKqiKKHtAzekVv1pP1Yr1bH9PWJWs2s4/+wPr8AQNxkzY=</latexit>

M = m1 + ⇣m2
<latexit sha1_base64="ZxQCgMzXAziJlVU0cs3t7KrXfpA=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0UQhJIUqV6EohePFewHtGnZbLft0s0m7G4sNfanePGgiFd/iTf/jds2B219MPB4b4aZeX7EmdKO822trK6tb2xmtrLbO7t7+3buoKbCWBJaJSEPZcPHinImaFUzzWkjkhQHPqd1f3gz9esPVCoWins9jqgX4L5gPUawNlLHztWvRu3EnZy1HqnGaNQuduy8U3BmQMvETUkeUlQ69lerG5I4oEITjpVquk6kvQRLzQink2wrVjTCZIj7tGmowAFVXjI7fYJOjNJFvVCaEhrN1N8TCQ6UGge+6QywHqhFbyr+5zVj3bv0EiaiWFNB5ot6MUc6RNMcUJdJSjQfG4KJZOZWRAZYYqJNWlkTgrv48jKpFQtuqVC6O8+Xr9M4MnAEx3AKLlxAGW6hAlUgMIJneIU368l6sd6tj3nripXOHMIfWJ8/MimTVA==</latexit>

W = w1 + ⇣w2

<latexit sha1_base64="iAyE2/9dEbg3ALXMvAPke4U9Db0=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KIVC9C0YsXoYL9gKaUzXbTLt1swu5GKTE/xYsHRbz6S7z5b9y2OWjrg4HHezPMzPNjzpR2nG+rsLK6tr5R3Cxtbe/s7tnl/ZaKEklok0Q8kh0fK8qZoE3NNKedWFIc+py2/fH11G8/UKlYJO71JKa9EA8FCxjB2kh9u+xpnKBLL5CYpLdZ2s76dsWpOjOgZeLmpAI5Gn37yxtEJAmp0IRjpbquE+teiqVmhNOs5CWKxpiM8ZB2DRU4pKqXzk7P0LFRBiiIpCmh0Uz9PZHiUKlJ6JvOEOuRWvSm4n9eN9HBRS9lIk40FWS+KEg40hGa5oAGTFKi+cQQTCQztyIywiYFbdIqmRDcxZeXSeu06taqtbuzSv0qj6MIh3AEJ+DCOdThBhrQBAKP8Ayv8GY9WS/Wu/Uxby1Y+cwB/IH1+QMejZPv</latexit>

⌧ =
M

W



Details on partition function
<latexit sha1_base64="D/MRarliV0fjTydz0FhmSrSKuJw="></latexit>

�

R
=

(M � ⌧̄W )z + (⌧W �M)z̄

⌧ � ⌧̄

<latexit sha1_base64="iWlESAyD+hx5IL87iBwmnrLJ+UQ=">AAAB+nicbVDLSgNBEJz1GeNro0cvg0EQhLAbJHoRgl68CBHMA5JNmJ30JkNmdpeZWSWu+RQvHhTx6pd482+cPA6aWNBQVHXT3eXHnCntON/W0vLK6tp6ZiO7ubW9s2vn9moqSiSFKo14JBs+UcBZCFXNNIdGLIEIn0PdH1yN/fo9SMWi8E4PY/AE6YUsYJRoI3Xs3M2FaKfu6KT1CJpg0S527LxTcCbAi8SdkTyaodKxv1rdiCYCQk05UarpOrH2UiI1oxxG2VaiICZ0QHrQNDQkApSXTk4f4SOjdHEQSVOhxhP190RKhFJD4ZtOQXRfzXtj8T+vmejg3EtZGCcaQjpdFCQc6wiPc8BdJoFqPjSEUMnMrZj2iSRUm7SyJgR3/uVFUisW3FKhdHuaL1/O4sigA3SIjpGLzlAZXaMKqiKKHtAzekVv1pP1Yr1bH9PWJWs2s4/+wPr8AQNxkzY=</latexit>

M = m1 + ⇣m2
<latexit sha1_base64="ZxQCgMzXAziJlVU0cs3t7KrXfpA=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0UQhJIUqV6EohePFewHtGnZbLft0s0m7G4sNfanePGgiFd/iTf/jds2B219MPB4b4aZeX7EmdKO822trK6tb2xmtrLbO7t7+3buoKbCWBJaJSEPZcPHinImaFUzzWkjkhQHPqd1f3gz9esPVCoWins9jqgX4L5gPUawNlLHztWvRu3EnZy1HqnGaNQuduy8U3BmQMvETUkeUlQ69lerG5I4oEITjpVquk6kvQRLzQink2wrVjTCZIj7tGmowAFVXjI7fYJOjNJFvVCaEhrN1N8TCQ6UGge+6QywHqhFbyr+5zVj3bv0EiaiWFNB5ot6MUc6RNMcUJdJSjQfG4KJZOZWRAZYYqJNWlkTgrv48jKpFQtuqVC6O8+Xr9M4MnAEx3AKLlxAGW6hAlUgMIJneIU368l6sd6tj3nripXOHMIfWJ8/MimTVA==</latexit>

W = w1 + ⇣w2

<latexit sha1_base64="iAyE2/9dEbg3ALXMvAPke4U9Db0=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KIVC9C0YsXoYL9gKaUzXbTLt1swu5GKTE/xYsHRbz6S7z5b9y2OWjrg4HHezPMzPNjzpR2nG+rsLK6tr5R3Cxtbe/s7tnl/ZaKEklok0Q8kh0fK8qZoE3NNKedWFIc+py2/fH11G8/UKlYJO71JKa9EA8FCxjB2kh9u+xpnKBLL5CYpLdZ2s76dsWpOjOgZeLmpAI5Gn37yxtEJAmp0IRjpbquE+teiqVmhNOs5CWKxpiM8ZB2DRU4pKqXzk7P0LFRBiiIpCmh0Uz9PZHiUKlJ6JvOEOuRWvSm4n9eN9HBRS9lIk40FWS+KEg40hGa5oAGTFKi+cQQTCQztyIywiYFbdIqmRDcxZeXSeu06taqtbuzSv0qj6MIh3AEJ+DCOdThBhrQBAKP8Ayv8GY9WS/Wu/Uxby1Y+cwB/IH1+QMejZPv</latexit>

⌧ =
M

W

• More concretely, the path integral gives
<latexit sha1_base64="4ELoBgVyaZNl4xmIIIURChiHv8M="></latexit> X

{ma,wa}
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◆
Zseed(⌧, ⌧̄)

• Localization of the worldsheet moduli & a sum over four integers.

• Extend the integration domain to the upper half plane using two of the 
four integers and evaluate the delta function:

<latexit sha1_base64="lUEAOeznV3hG84knNZp+1eKd4tk="></latexit>

1X

a,d=1
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d�1X

b=0

Zseed

✓
b+ a⇣

d
,
b+ a⇣̄

d

◆
<latexit sha1_base64="OeKwMi69jwCyFGgTv9U+wjjOV3s=">AAAB/3icbVDLSgMxFM34rPU1KrhxEyyCqzojUt0ItW5cVrAP6Iwlk2ba0GQmJBmhjLPwV9y4UMStv+HOvzFtZ6GtBwKHc+7h3pxAMKq043xbC4tLyyurhbXi+sbm1ra9s9tUcSIxaeCYxbIdIEUYjUhDU81IW0iCeMBIKxhej/3WA5GKxtGdHgnic9SPaEgx0kbq2vviktynNZh6ksMrk8xOPEGzrl1yys4EcJ64OSmBHPWu/eX1YpxwEmnMkFId1xHaT5HUFDOSFb1EEYHwEPVJx9AIcaL8dHJ/Bo+M0oNhLM2LNJyovxMp4kqNeGAmOdIDNeuNxf+8TqLDCz+lkUg0ifB0UZgwqGM4LgP2qCRYs5EhCEtqboV4gCTC2lRWNCW4s1+eJ83TslspV27PStVaXkcBHIBDcAxccA6q4AbUQQNg8AiewSt4s56sF+vd+piOLlh5Zg/8gfX5Ax38lYw=</latexit>

p = eBArea/⇡

<latexit sha1_base64="XDwHhmMClUwobAMzaVeLTwC5bjU="></latexit>
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• Coincides with the grand canonical free energy of symmetric product 
orbifold (Hecke operator expression)



Lightening review of chiral 2d YM

• 2d YM: Simplest possible confining theory.  
                 Linear potential, area law, meson spectrum…..

• Completely solvable even at finite N:

Zℳ = ∑
rep of U(N)

(dimR)2−2G e−g2
YMAC2(R)

• At large N, the result factorizes into “chiral” and “anti-chiral” parts

Zℳ
large N

→ Zchiral
ℳ Zanti

ℳ

• At finite N, each partition function receives corrections. In addition 
there will be interactions between chiral and anti-chiral parts.

Zℳ = Zchiral
ℳ Zanti

ℳ +
Zint

N2
+ ⋯Zchiral

ℳ = Zchiral
0 +

Zchiral
1

N2
+ ⋯



2d YM as string theory

• Gross Taylor: 1/N expansion can be interpreted as string genus 
expansion.

• Chiral and anti-chiral parts correspond to worldsheets wrapping the 
target space with different orientations.

• But the explicit worldsheet action was not written down.



2d YM as string theory

• Gross Taylor: 1/N expansion can be interpreted as string genus 
expansion.

• Chiral and anti-chiral parts correspond to worldsheets wrapping the 
target space with different orientations.

• But the explicit worldsheet action was not written down.

• Horava: Proposed a “rigid topological string”. Much more complicated 
than standard string theory.

• Aganagic, Ooguri, Saulina, Vafa: Partition functions on Riemann 
surfaces coincide with q-deformed topological string partition 
function. 

• Cordes, Moore, Rangoolam: “zero area limit” of 2d YM can be 
interpreted as topological string.

• Vafa: topological string dual to 2d YM on a torus. 



Our string dual
<latexit sha1_base64="p6FBmpV6Im4gcNH8ivcJ27BpB0Q="></latexit>

S = SCLD|q=1 +

Z
d2z

4
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• Symmetric product orbifold of “nothing”

• Torus world sheet to torus target space path integral can be 
evaluated in a similar manner:

<latexit sha1_base64="vmEqJYzd66Rg2Qq164+jnSvUFho="></latexit> 1X

K=1

e�K�A/2

2K

X

ad=K
a,d2Z+

(a+ d)

• Coincides with the large N free energy of chiral 2d YM by Gross and 
Taylor.



A technical but important remark

• At this order (genus 1), the symmetric product orbifold and 2d YM 
are similar.

• But at subleading order of , there is an important difference. gs

• The answer for the symmetric product orbifold is “genus-1 exact”. 
No higher-genus correction. But the chiral 2d YM partition function is 
known to receive 1/N corrections.

• At first sight, this is a problem for our proposal on chiral 2d YM.
Any maps with “branch point”  is suppressed since∂γ(z*) = 0

<latexit sha1_base64="A7Jk/gOCXm27UMgzMlg384OtgGY="></latexit>

@�(z⇤) = 0 ! ' = log(@�@̄�̄) = �1 ! e�SCLD = 0 .

• Maps at higher order always contain “branch points” ∂γ = 0
<latexit sha1_base64="indq5Y8+FFGsiTvvygaeHlVg2TM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRG8GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+k2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUq5Ur8sVW+zOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5NnjM4=</latexit>

?



Renormalization of gs

• There is a famous resolution to this known in light cone string field theory.
Mandelstam, Baba, Ishibashi, Murakami,…

• The key point is that # of “branch points” ( ) is equal to 
Euler characteristics (n+ 2g -2).

∂γ = 0

<latexit sha1_base64="A7Jk/gOCXm27UMgzMlg384OtgGY="></latexit>

@�(z⇤) = 0 ! ' = log(@�@̄�̄) = �1 ! e�SCLD = 0 .

<latexit sha1_base64="CXdzsQsuitUlOcMpxrajt8SAy44=">AAACDnicbVA9SwNBEN3z2/gVtbRZEgJW4U4k2ghBG0sFo4EkXvY2c3Fxb+/YnRPDkV9g41+xsVDE1trOf+MmuUKND5Z9vDfDzLwgkcKg6345M7Nz8wuLS8uFldW19Y3i5taliVPNocFjGetmwAxIoaCBAiU0Ew0sCiRcBbcnI//qDrQRsbrAQQKdiPWVCAVnaCW/WOn7hrZRRDD64B6zbtctDemR1a+zto6oBjX0i2W36o5Bp4mXkzLJceYXP9u9mKcRKOSSGdPy3AQ7GdMouIRhoZ0aSBi/ZX1oWaqYnd/JxucMacUqPRrG2j6FdKz+7MhYZMwgCmxlxPDG/PVG4n9eK8XwsJMJlaQIik8GhamkGNNRNrQnNHCUA0sY18LuSvkN04yjTbBgQ/D+njxNLveqXq1aO98v14/zOJbIDimRXeKRA1Inp+SMNAgnD+SJvJBX59F5dt6c90npjJP3bJNfcD6+AZS5m9Y=</latexit>

gs ⇥ “0” = grens

• Thus one can absorb the divergence of  into a renormalization of :φ gs

• In 2d YM (and generalized Veneziano), we always perform this 
renormalization while, for symmetric product orbifold, we do not.



Comment 1: Non-relativistic string

• Worldsheet theory is relativistic, target space spectrum is non-relativistic.

• It can be obtained by a double-scaling limit of usual string theory in 
which one sends B-field large (critical) and  .  

     (Open string sector becomes noncommutative gauge theory)
α′ → 0

• Roughly speaking, the non-relativistic limit kills half of the spectrum.

• Here taking the limit makes the theory chiral and kill “anti-strings” which 
do not exist in the symmetric product orbifolds.

∫ d2z (β∂̄X + β̄∂X̄) + (Polyakov	ac*on	for	transverse	modes)

Gomis, Ooguri,,…, Bergshoff, Gomis, Yan,….



Comment 2: Tensionless AdS3/CFT2

• Free field representation of SL(2,R) WZW:

∫ d2z (β∂̄X + β̄∂X̄ + 4∂Φ∂̄Φ − e−2Φββ̄ − RΦ)

• Similar to our action, but  is not composite.Φ

• They argued that, for tensionless string (k=1), the path integral 
localizes to

Φ = − log ϵ + log ∂X∂̄X̄
• After the replacement, the action has the same structure as ours.

• The relation is not rigorous: their theory is supersymmetric, our 
theory is purely boson.

Eberhardt, Gaberdiel, Gopakumar
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Proposal

<latexit sha1_base64="x4eCQdefECakMfgW0bMyjpmz74A=">AAACIXicbVDLSgMxFM3UV62vqks3g0UQ1DIjUrsRim5cVmsf0NZyk6ZtaDIzJBmhDPMrbvwVNy4U6U78GTNtF9p6IHByzr0k5+CAM6Ud58tKLS2vrK6l1zMbm1vbO9ndvZryQ0lolfjclw0MinLm0apmmtNGICkIzGkdD28Sv/5EpWK+96BHAW0L6HusxwhoI3WyxcpVpRO1BOgBxtF9/Bh1z9xTN45PEhlTDa0+CAHTOxmwCcEk7mRzTt6ZwF4k7ozk0AzlTnbc6vokFNTThINSTdcJdDsCqRnhNM60QkUDIEPo06ahHgiq2tEkYWwfGaVr93xpjqftifp7IwKh1EhgM5lEUfNeIv7nNUPdK7Yj5gWhph6ZPtQLua19O6nL7jJJieYjQ4BIZv5qkwFIINqUmjEluPORF0ntPO8W8oW7i1zpelZHGh2gQ3SMXHSJSugWlVEVEfSMXtE7+rBerDfr0xpPR1PWbGcf/YH1/QOb56PU</latexit>

S = SRd�1,1 + S�� + S� + Sbc

• Worldsheet action

Standard Polyakov action 
in  dimensionsd

<latexit sha1_base64="HSNq+JPTdnZ+DN3XrATreS6zL3M="></latexit>
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Proposal

<latexit sha1_base64="x4eCQdefECakMfgW0bMyjpmz74A=">AAACIXicbVDLSgMxFM3UV62vqks3g0UQ1DIjUrsRim5cVmsf0NZyk6ZtaDIzJBmhDPMrbvwVNy4U6U78GTNtF9p6IHByzr0k5+CAM6Ud58tKLS2vrK6l1zMbm1vbO9ndvZryQ0lolfjclw0MinLm0apmmtNGICkIzGkdD28Sv/5EpWK+96BHAW0L6HusxwhoI3WyxcpVpRO1BOgBxtF9/Bh1z9xTN45PEhlTDa0+CAHTOxmwCcEk7mRzTt6ZwF4k7ozk0AzlTnbc6vokFNTThINSTdcJdDsCqRnhNM60QkUDIEPo06ahHgiq2tEkYWwfGaVr93xpjqftifp7IwKh1EhgM5lEUfNeIv7nNUPdK7Yj5gWhph6ZPtQLua19O6nL7jJJieYjQ4BIZv5qkwFIINqUmjEluPORF0ntPO8W8oW7i1zpelZHGh2gQ3SMXHSJSugWlVEVEfSMXtE7+rBerDfr0xpPR1PWbGcf/YH1/QOb56PU</latexit>

S = SRd�1,1 + S�� + S� + Sbc

• Worldsheet action

-ghostbc



Proposal
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S = SRd�1,1 + S�� + S� + Sbc

• Worldsheet action

Arbitrary “internal” CFT 
with central charge cχ



Proposal
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S = SRd�1,1 + S�� + S� + Sbc

• Worldsheet action

Chiral Composite Linear Dilaton



Proposal
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S = SRd�1,1 + S�� + S� + Sbc

• Worldsheet action

Chiral Composite Linear Dilaton

• “Open” Chiral Composite Linear Dilaton (CLD) SK, Maity 2506.21663

<latexit sha1_base64="e5vuGE8OJbhZh/zwx028S+FXrFo="></latexit>

S�� =

Z

⌃

d2z

2⇡

"
�@̄� + �̄@�̄ + q

 
@'@̄'+

R̂

2
'

!#
+

q

⇡

Z

@⌃
ds k̂'

<latexit sha1_base64="k906xazgPmX9XYnCZFxRtyATTqM=">AAACInicbVDLSgMxFM34rPVVdekmWIS6KTMiVRdC0Y3LCvYBnVLupGkbmswMSaZQhvkWN/6KGxeKuhL8GNPpCNp6IHByzr03uccLOVPatj+tpeWV1bX13EZ+c2t7Z7ewt99QQSQJrZOAB7LlgaKc+bSumea0FUoKwuO06Y1upn5zTKVigX+vJyHtCBj4rM8IaCN1C5fuGGQ4ZFcuDwa45IYgNQOO3QEIAdj1QMY/YjK7pU5y0i0U7bKdAi8SJyNFlKHWLby7vYBEgvqacFCq7dih7sTT2YTTJO9GioZARjCgbUN9EFR14nTFBB8bpYf7gTTH1zhVf3fEIJSaCM9UCtBDNe9Nxf+8dqT7F52Y+WGkqU9mD/UjjnWAp3nhHpOUaD4xBIhk5q+YDEEC0SbVvAnBmV95kTROy06lXLk7K1avszhy6BAdoRJy0DmqoltUQ3VE0AN6Qi/o1Xq0nq0362NWumRlPQfoD6yvb0D9pMQ=</latexit>

' = log(@�@̄�̄)
open string boundary term



Proposal

<latexit sha1_base64="x4eCQdefECakMfgW0bMyjpmz74A=">AAACIXicbVDLSgMxFM3UV62vqks3g0UQ1DIjUrsRim5cVmsf0NZyk6ZtaDIzJBmhDPMrbvwVNy4U6U78GTNtF9p6IHByzr0k5+CAM6Ud58tKLS2vrK6l1zMbm1vbO9ndvZryQ0lolfjclw0MinLm0apmmtNGICkIzGkdD28Sv/5EpWK+96BHAW0L6HusxwhoI3WyxcpVpRO1BOgBxtF9/Bh1z9xTN45PEhlTDa0+CAHTOxmwCcEk7mRzTt6ZwF4k7ozk0AzlTnbc6vokFNTThINSTdcJdDsCqRnhNM60QkUDIEPo06ahHgiq2tEkYWwfGaVr93xpjqftifp7IwKh1EhgM5lEUfNeIv7nNUPdK7Yj5gWhph6ZPtQLua19O6nL7jJJieYjQ4BIZv5qkwFIINqUmjEluPORF0ntPO8W8oW7i1zpelZHGh2gQ3SMXHSJSugWlVEVEfSMXtE7+rBerDfr0xpPR1PWbGcf/YH1/QOb56PU</latexit>

S = SRd�1,1 + S�� + S� + Sbc

• Worldsheet action

Most important part 
“Chiral Composite Linear Dilaton”

<latexit sha1_base64="e5vuGE8OJbhZh/zwx028S+FXrFo="></latexit>

S�� =
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d2z

2⇡

"
�@̄� + �̄@�̄ + q

 
@'@̄'+

R̂
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'
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q

⇡

Z

@⌃
ds k̂'

•  and  are worldsheet Ricci curvature and geodesic curvature. 

• Central charge . Conformal anomaly cancels when  

R̂ ̂k

cβγ = 2 + 24q q = 1 −
d + cχ

24

<latexit sha1_base64="k906xazgPmX9XYnCZFxRtyATTqM=">AAACInicbVDLSgMxFM34rPVVdekmWIS6KTMiVRdC0Y3LCvYBnVLupGkbmswMSaZQhvkWN/6KGxeKuhL8GNPpCNp6IHByzr03uccLOVPatj+tpeWV1bX13EZ+c2t7Z7ewt99QQSQJrZOAB7LlgaKc+bSumea0FUoKwuO06Y1upn5zTKVigX+vJyHtCBj4rM8IaCN1C5fuGGQ4ZFcuDwa45IYgNQOO3QEIAdj1QMY/YjK7pU5y0i0U7bKdAi8SJyNFlKHWLby7vYBEgvqacFCq7dih7sTT2YTTJO9GioZARjCgbUN9EFR14nTFBB8bpYf7gTTH1zhVf3fEIJSaCM9UCtBDNe9Nxf+8dqT7F52Y+WGkqU9mD/UjjnWAp3nhHpOUaD4xBIhk5q+YDEEC0SbVvAnBmV95kTROy06lXLk7K1avszhy6BAdoRJy0DmqoltUQ3VE0AN6Qi/o1Xq0nq0362NWumRlPQfoD6yvb0D9pMQ=</latexit>

' = log(@�@̄�̄)
open string boundary term

• “Open” Chiral Composite Linear Dilaton (CLD) SK, Maity 2506.21663



D0-branes

Set up
<latexit sha1_base64="e5vuGE8OJbhZh/zwx028S+FXrFo="></latexit>

S�� =

Z

⌃

d2z

2⇡

"
�@̄� + �̄@�̄ + q

 
@'@̄'+

R̂

2
'

!#
+

q

⇡

Z

@⌃
ds k̂'

<latexit sha1_base64="k906xazgPmX9XYnCZFxRtyATTqM=">AAACInicbVDLSgMxFM34rPVVdekmWIS6KTMiVRdC0Y3LCvYBnVLupGkbmswMSaZQhvkWN/6KGxeKuhL8GNPpCNp6IHByzr03uccLOVPatj+tpeWV1bX13EZ+c2t7Z7ewt99QQSQJrZOAB7LlgaKc+bSumea0FUoKwuO06Y1upn5zTKVigX+vJyHtCBj4rM8IaCN1C5fuGGQ4ZFcuDwa45IYgNQOO3QEIAdj1QMY/YjK7pU5y0i0U7bKdAi8SJyNFlKHWLby7vYBEgvqacFCq7dih7sTT2YTTJO9GioZARjCgbUN9EFR14nTFBB8bpYf7gTTH1zhVf3fEIJSaCM9UCtBDNe9Nxf+8dqT7F52Y+WGkqU9mD/UjjnWAp3nhHpOUaD4xBIhk5q+YDEEC0SbVvAnBmV95kTROy06lXLk7K1avszhy6BAdoRJy0DmqoltUQ3VE0AN6Qi/o1Xq0nq0362NWumRlPQfoD6yvb0D9pMQ=</latexit>

' = log(@�@̄�̄)

• Consider open strings stretched between “D0-branes” in -planeγ

• Boundary conditions
<latexit sha1_base64="tWPBC+BO8XGRc70SWJ+U9m7007s=">AAACIHicbVDLSgMxFM34rPVVdekmWISKUGZEWjdC0Y3LCvYBnbHcyaRtaDIzJBmhDP0UN/6KGxeK6E6/xrSdhbYeCBzOuZebc/yYM6Vt+8taWl5ZXVvPbeQ3t7Z3dgt7+00VJZLQBol4JNs+KMpZSBuaaU7bsaQgfE5b/vB64rceqFQsCu/0KKaegH7IeoyANlK3UHUDyjVgtw9CwH3qjN1YRrGOcGaUZs6p64NMZ3x8cml3C0W7bE+BF4mTkSLKUO8WPt0gIomgoSYclOo4dqy9FKRmhNNx3k0UjYEMoU87hoYgqPLSacAxPjZKgHuRNC/UeKr+3khBKDUSvpkUoAdq3puI/3mdRPcuvJSFcaJpSGaHegnHJv+kLRwwSYnmI0OASGb+iskAJBBtOs2bEpz5yIukeVZ2KuXK7XmxdpXVkUOH6AiVkIOqqIZuUB01EEGP6Bm9ojfryXqx3q2P2eiSle0coD+wvn8AaFKjHg==</latexit>

��1 / �(� + �̄) = 0
<latexit sha1_base64="AOv+i/B2VIc2I7YaN2EKnKAawA0=">AAACKnicbZDLSgMxFIYzXmu9VV26GSxCXVhmRKoboerGZQV7gU4tZ9K0DSaZkGSEMszzuPFV3HShFLc+iOllUVsPBD7+/xxOzh9KRrXxvJGzsrq2vrGZ2cpu7+zu7ecODms6ihUmVRyxSDVC0IRRQaqGGkYaUhHgISP18OV+7NdfidI0Ek9mIEmLQ0/QLsVgrNTO3QYSlKHA2olIgx5wDs/JRRpIFUkTufNuYWqfByGoZMrp2Y3XzuW9ojcpdxn8GeTRrCrt3DDoRDjmRBjMQOum70nTSsaLMCNpNog1kYBfoEeaFgVwolvJ5NTUPbVKx+1Gyj5h3Ik6P5EA13rAQ9vJwfT1ojcW//OaseletxIqZGyIwNNF3Zi5NoRxbm6HKoING1gArKj9q4v7oAAbm27WhuAvnrwMtYuiXyqWHi/z5btZHBl0jE5QAfnoCpXRA6qgKsLoDX2gT/TlvDtDZ+R8T1tXnNnMEfpTzs8vplqolQ==</latexit>

@n�
2 / @n(� � �̄) = 0

Dirichlet Neumann

<latexit sha1_base64="r383N29GeT75AYmZbN+w/GVi5j0=">AAAB/HicbZDLSsNAFIZPvNZ6i3bpZrAIglASkepGKLpxWcFeoAllMp22QyeTMDMRQqiv4saFIm59EHe+jdM0C239YeDjP+dwzvxBzJnSjvNtrayurW9slrbK2zu7e/v2wWFbRYkktEUiHslugBXlTNCWZprTbiwpDgNOO8HkdlbvPFKpWCQedBpTP8QjwYaMYG2svl3xAqrxmRdgmeU4vXb6dtWpObnQMrgFVKFQs29/eYOIJCEVmnCsVM91Yu1nWGpGOJ2WvUTRGJMJHtGeQYFDqvwsP36KTowzQMNImic0yt3fExkOlUrDwHSGWI/VYm1m/lfrJXp45WdMxImmgswXDROOdIRmSaABk5RonhrARDJzKyJjLDHRJq+yCcFd/PIytM9rbr1Wv7+oNm6KOEpwBMdwCi5cQgPuoAktIJDCM7zCm/VkvVjv1se8dcUqZirwR9bnDzyclIU=</latexit>

� + �̄ = 0
From EOM



D0-branes

Set up
<latexit sha1_base64="e5vuGE8OJbhZh/zwx028S+FXrFo="></latexit>

S�� =

Z

⌃

d2z

2⇡

"
�@̄� + �̄@�̄ + q

 
@'@̄'+

R̂

2
'

!#
+

q

⇡

Z

@⌃
ds k̂'

<latexit sha1_base64="k906xazgPmX9XYnCZFxRtyATTqM=">AAACInicbVDLSgMxFM34rPVVdekmWIS6KTMiVRdC0Y3LCvYBnVLupGkbmswMSaZQhvkWN/6KGxeKuhL8GNPpCNp6IHByzr03uccLOVPatj+tpeWV1bX13EZ+c2t7Z7ewt99QQSQJrZOAB7LlgaKc+bSumea0FUoKwuO06Y1upn5zTKVigX+vJyHtCBj4rM8IaCN1C5fuGGQ4ZFcuDwa45IYgNQOO3QEIAdj1QMY/YjK7pU5y0i0U7bKdAi8SJyNFlKHWLby7vYBEgvqacFCq7dih7sTT2YTTJO9GioZARjCgbUN9EFR14nTFBB8bpYf7gTTH1zhVf3fEIJSaCM9UCtBDNe9Nxf+8dqT7F52Y+WGkqU9mD/UjjnWAp3nhHpOUaD4xBIhk5q+YDEEC0SbVvAnBmV95kTROy06lXLk7K1avszhy6BAdoRJy0DmqoltUQ3VE0AN6Qi/o1Xq0nq0362NWumRlPQfoD6yvb0D9pMQ=</latexit>

' = log(@�@̄�̄)

• Consider open strings stretched between “D0-branes” in -planeγ

• Boundary conditions
<latexit sha1_base64="tWPBC+BO8XGRc70SWJ+U9m7007s=">AAACIHicbVDLSgMxFM34rPVVdekmWISKUGZEWjdC0Y3LCvYBnbHcyaRtaDIzJBmhDP0UN/6KGxeK6E6/xrSdhbYeCBzOuZebc/yYM6Vt+8taWl5ZXVvPbeQ3t7Z3dgt7+00VJZLQBol4JNs+KMpZSBuaaU7bsaQgfE5b/vB64rceqFQsCu/0KKaegH7IeoyANlK3UHUDyjVgtw9CwH3qjN1YRrGOcGaUZs6p64NMZ3x8cml3C0W7bE+BF4mTkSLKUO8WPt0gIomgoSYclOo4dqy9FKRmhNNx3k0UjYEMoU87hoYgqPLSacAxPjZKgHuRNC/UeKr+3khBKDUSvpkUoAdq3puI/3mdRPcuvJSFcaJpSGaHegnHJv+kLRwwSYnmI0OASGb+iskAJBBtOs2bEpz5yIukeVZ2KuXK7XmxdpXVkUOH6AiVkIOqqIZuUB01EEGP6Bm9ojfryXqx3q2P2eiSle0coD+wvn8AaFKjHg==</latexit>

��1 / �(� + �̄) = 0
<latexit sha1_base64="AOv+i/B2VIc2I7YaN2EKnKAawA0=">AAACKnicbZDLSgMxFIYzXmu9VV26GSxCXVhmRKoboerGZQV7gU4tZ9K0DSaZkGSEMszzuPFV3HShFLc+iOllUVsPBD7+/xxOzh9KRrXxvJGzsrq2vrGZ2cpu7+zu7ecODms6ihUmVRyxSDVC0IRRQaqGGkYaUhHgISP18OV+7NdfidI0Ek9mIEmLQ0/QLsVgrNTO3QYSlKHA2olIgx5wDs/JRRpIFUkTufNuYWqfByGoZMrp2Y3XzuW9ojcpdxn8GeTRrCrt3DDoRDjmRBjMQOum70nTSsaLMCNpNog1kYBfoEeaFgVwolvJ5NTUPbVKx+1Gyj5h3Ik6P5EA13rAQ9vJwfT1ojcW//OaseletxIqZGyIwNNF3Zi5NoRxbm6HKoING1gArKj9q4v7oAAbm27WhuAvnrwMtYuiXyqWHi/z5btZHBl0jE5QAfnoCpXRA6qgKsLoDX2gT/TlvDtDZ+R8T1tXnNnMEfpTzs8vplqolQ==</latexit>

@n�
2 / @n(� � �̄) = 0

Dirichlet Neumann

<latexit sha1_base64="r383N29GeT75AYmZbN+w/GVi5j0=">AAAB/HicbZDLSsNAFIZPvNZ6i3bpZrAIglASkepGKLpxWcFeoAllMp22QyeTMDMRQqiv4saFIm59EHe+jdM0C239YeDjP+dwzvxBzJnSjvNtrayurW9slrbK2zu7e/v2wWFbRYkktEUiHslugBXlTNCWZprTbiwpDgNOO8HkdlbvPFKpWCQedBpTP8QjwYaMYG2svl3xAqrxmRdgmeU4vXb6dtWpObnQMrgFVKFQs29/eYOIJCEVmnCsVM91Yu1nWGpGOJ2WvUTRGJMJHtGeQYFDqvwsP36KTowzQMNImic0yt3fExkOlUrDwHSGWI/VYm1m/lfrJXp45WdMxImmgswXDROOdIRmSaABk5RonhrARDJzKyJjLDHRJq+yCcFd/PIytM9rbr1Wv7+oNm6KOEpwBMdwCi5cQgPuoAktIJDCM7zCm/VkvVjv1se8dcUqZirwR9bnDzyclIU=</latexit>

� + �̄ = 0
From EOM

• Vertex operators
<latexit sha1_base64="acg8cF1wJoaLT+rVoY6AGomHXlI=">AAACE3icbZDLSsNAFIYn9VbrLerSzWARRLAkItVl0Y3LKvYCTSyT6Uk7dHJhZqKUkHdw46u4caGIWzfufBunaRfa+sPAx3/OYc75vZgzqSzr2ygsLC4trxRXS2vrG5tb5vZOU0aJoNCgEY9E2yMSOAuhoZji0I4FkMDj0PKGl+N66x6EZFF4q0YxuAHph8xnlChtdc0juEsZHuJ2lsMDvsEOCxV2PFAEHzseEWnOWdY1y1bFyoXnwZ5CGU1V75pfTi+iSQChopxI2bGtWLkpEYpRDlnJSSTEhA5JHzoaQxKAdNP8pgwfaKeH/Ujop/fJ3d8TKQmkHAWe7gyIGsjZ2tj8r9ZJlH/upiyMEwUhnXzkJxyrCI8Dwj0mgCo+0kCoYHpXTAdEEKp0jCUdgj178jw0Typ2tVK9Pi3XLqZxFNEe2keHyEZnqIauUB01EEWP6Bm9ojfjyXgx3o2PSWvBmM7soj8yPn8Ahf+dWw==</latexit>

eikXeiwR
R
���̄

<latexit sha1_base64="dpJldISjn5x/WGwfsNANVQrE3Ao=">AAACG3icbVDLSsNAFJ34tr6iLt0Ei1hRSlKkuhFENy4r2Co0sdxMJ83QycOZG6GE/ocbf8WNC0VcCS78G6ePhVYPXDhzzr3MvcdPBVdo21/G1PTM7Nz8wmJhaXlldc1c32ioJJOU1WkiEnnjg2KCx6yOHAW7SSWDyBfs2u+eD/zreyYVT+Ir7KXMi6AT84BTQC21zEopPHB9kHnY3ztxBQuw5IJIQ9jt3lb27w5+PlzJOyHutcyiXbaHsP4SZ0yKZIxay/xw2wnNIhYjFaBU07FT9HKQyKlg/YKbKZYC7UKHNTWNIWLKy4e39a0drbStIJG6YrSG6s+JHCKlepGvOyPAUE16A/E/r5lhcOzlPE4zZDEdfRRkwsLEGgRltblkFEVPE6CS610tGoIEijrOgg7BmTz5L2lUyk61XL08LJ6ejeNYIFtkm5SIQ47IKbkgNVInlDyQJ/JCXo1H49l4M95HrVPGeGaT/ILx+Q2xa5/7</latexit>

(h, h̄) =
�
↵0k2 + q,↵0k2 + q

�
<latexit sha1_base64="9UfHlE/FZrtPvPHKFA/3dYCAmjE=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbRiyUpUr0IRS8eK9gPaGOZbDft0s0m7m4KJfSfePGgiFf/iTf/jds2B219MPB4b4aZeX7MmdKO823lVlbX1jfym4Wt7Z3dPXv/oKGiRBJaJxGPZMsHRTkTtK6Z5rQVSwqhz2nTH95O/eaISsUi8aDHMfVC6AsWMALaSF3b7gCPB3CKh49lfO2eP3XtolNyZsDLxM1IEWWode2vTi8iSUiFJhyUartOrL0UpGaE00mhkygaAxlCn7YNFRBS5aWzyyf4xCg9HETSlNB4pv6eSCFUahz6pjMEPVCL3lT8z2snOrjyUibiRFNB5ouChGMd4WkMuMckJZqPDQEimbkVkwFIINqEVTAhuIsvL5NGueRWSpX7i2L1Josjj47QMTpDLrpEVXSHaqiOCBqhZ/SK3qzUerHerY95a87KZg7RH1ifP0mzkiY=</latexit>

↵0k2 = 1� qOn-shell condition:

• For general , strings are not massless.q



D0-branes

Computation

• Integrate out ’s in the presence of vertex operatorsβ
<latexit sha1_base64="acg8cF1wJoaLT+rVoY6AGomHXlI=">AAACE3icbZDLSsNAFIYn9VbrLerSzWARRLAkItVl0Y3LKvYCTSyT6Uk7dHJhZqKUkHdw46u4caGIWzfufBunaRfa+sPAx3/OYc75vZgzqSzr2ygsLC4trxRXS2vrG5tb5vZOU0aJoNCgEY9E2yMSOAuhoZji0I4FkMDj0PKGl+N66x6EZFF4q0YxuAHph8xnlChtdc0juEsZHuJ2lsMDvsEOCxV2PFAEHzseEWnOWdY1y1bFyoXnwZ5CGU1V75pfTi+iSQChopxI2bGtWLkpEYpRDlnJSSTEhA5JHzoaQxKAdNP8pgwfaKeH/Ujop/fJ3d8TKQmkHAWe7gyIGsjZ2tj8r9ZJlH/upiyMEwUhnXzkJxyrCI8Dwj0mgCo+0kCoYHpXTAdEEKp0jCUdgj178jw0Typ2tVK9Pi3XLqZxFNEe2keHyEZnqIauUB01EEWP6Bm9ojfjyXgx3o2PSWvBmM7soj8yPn8Ahf+dWw==</latexit>

eikXeiwR
R
���̄

• Worldsheet localizes to “Mandelstam map”
<latexit sha1_base64="RZlk7VgnYKq3SassyN3JoXiBWBc=">AAACFnicbVDLSgMxFM34rPVVdekmWIR20TIjUt0IRTcuq9gHdMqQSdM2TDIZkozSDv0KN/6KGxeKuBV3/o1pOwttPXC5h3PuJbnHjxhV2ra/raXlldW19cxGdnNre2c3t7ffUCKWmNSxYEK2fKQIoyGpa6oZaUWSIO4z0vSDq4nfvCdSURHe6WFEOhz1Q9qjGGkjebmS20eco8KoeOHKgZj0EoWuirmXBOMHL7h1mejDwqg08oKil8vbZXsKuEiclORBipqX+3K7AsechBozpFTbsSPdSZDUFDMyzrqxIhHCAeqTtqEh4kR1kulZY3hslC7sCWkq1HCq/t5IEFdqyH0zyZEeqHlvIv7ntWPdO+8kNIxiTUI8e6gXM6gFnGQEu1QSrNnQEIQlNX+FeIAkwtokmTUhOPMnL5LGSdmplCs3p/nqZRpHBhyCI1AADjgDVXANaqAOMHgEz+AVvFlP1ov1bn3MRpesdOcA/IH1+QNZjJ5C</latexit>

�(z) = ⇢(z) = �i
X

k

wkR log(z � zk)

<latexit sha1_base64="e5vuGE8OJbhZh/zwx028S+FXrFo="></latexit>

S�� =

Z

⌃

d2z

2⇡

"
�@̄� + �̄@�̄ + q

 
@'@̄'+

R̂

2
'

!#
+

q

⇡

Z

@⌃
ds k̂'



D0-branes

Computation

• Integrate out ’s in the presence of vertex operatorsβ
<latexit sha1_base64="acg8cF1wJoaLT+rVoY6AGomHXlI=">AAACE3icbZDLSsNAFIYn9VbrLerSzWARRLAkItVl0Y3LKvYCTSyT6Uk7dHJhZqKUkHdw46u4caGIWzfufBunaRfa+sPAx3/OYc75vZgzqSzr2ygsLC4trxRXS2vrG5tb5vZOU0aJoNCgEY9E2yMSOAuhoZji0I4FkMDj0PKGl+N66x6EZFF4q0YxuAHph8xnlChtdc0juEsZHuJ2lsMDvsEOCxV2PFAEHzseEWnOWdY1y1bFyoXnwZ5CGU1V75pfTi+iSQChopxI2bGtWLkpEYpRDlnJSSTEhA5JHzoaQxKAdNP8pgwfaKeH/Ujop/fJ3d8TKQmkHAWe7gyIGsjZ2tj8r9ZJlH/upiyMEwUhnXzkJxyrCI8Dwj0mgCo+0kCoYHpXTAdEEKp0jCUdgj178jw0Typ2tVK9Pi3XLqZxFNEe2keHyEZnqIauUB01EEWP6Bm9ojfjyXgx3o2PSWvBmM7soj8yPn8Ahf+dWw==</latexit>

eikXeiwR
R
���̄

• Worldsheet localizes to “Mandelstam map”
<latexit sha1_base64="RZlk7VgnYKq3SassyN3JoXiBWBc=">AAACFnicbVDLSgMxFM34rPVVdekmWIR20TIjUt0IRTcuq9gHdMqQSdM2TDIZkozSDv0KN/6KGxeKuBV3/o1pOwttPXC5h3PuJbnHjxhV2ra/raXlldW19cxGdnNre2c3t7ffUCKWmNSxYEK2fKQIoyGpa6oZaUWSIO4z0vSDq4nfvCdSURHe6WFEOhz1Q9qjGGkjebmS20eco8KoeOHKgZj0EoWuirmXBOMHL7h1mejDwqg08oKil8vbZXsKuEiclORBipqX+3K7AsechBozpFTbsSPdSZDUFDMyzrqxIhHCAeqTtqEh4kR1kulZY3hslC7sCWkq1HCq/t5IEFdqyH0zyZEeqHlvIv7ntWPdO+8kNIxiTUI8e6gXM6gFnGQEu1QSrNnQEIQlNX+FeIAkwtokmTUhOPMnL5LGSdmplCs3p/nqZRpHBhyCI1AADjgDVXANaqAOMHgEz+AVvFlP1ov1bn3MRpesdOcA/IH1+QNZjJ5C</latexit>
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• Evaluate the CLD action on Mandelstam map
Mandelstam, Baba, Ishibashi, Murakami<latexit sha1_base64="R8lhgaDRWF+wt5eJRvtKRmYBYn0="></latexit>

e�SCLD[⇢] =
|w1w2w3w4|q/2|w1 + w3|q

|z12z14z23z24|q
· |zc � a+|q/2|zc � a�|q/2

•  is a cross ratio. 

•
  are related to “interaction points” (their discriminant): 

zc =
z12z34

z13z24
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1
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Computation 2

• Combining it with Koba-Nielsen factor from  givesSX
<latexit sha1_base64="flmtesj9JSE95Wm3V4VN/sEFHtQ="></latexit>Z 1

0
dx x�↵0s+q�2 (1� x)�↵0t+q�2 [(x� a+)(x� a�)]

q/2

<latexit sha1_base64="iJyhod/l8kXhc4snz2E5Qkmt1y4="></latexit>
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0
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• Basically of the same form as the Mandelstam amplitude:
<latexit sha1_base64="x82NtLfkTDtrA6GR+95S4aoTr+0="></latexit>
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Computation 2

• Combining it with Koba-Nielsen factor from  givesSX
<latexit sha1_base64="flmtesj9JSE95Wm3V4VN/sEFHtQ="></latexit>Z 1

0
dx x�↵0s+q�2 (1� x)�↵0t+q�2 [(x� a+)(x� a�)]

q/2

<latexit sha1_base64="iJyhod/l8kXhc4snz2E5Qkmt1y4="></latexit>

A(s, t) =

Z 1

0
dz z�s�b�1(1� z)�t�b�1 (1� 4�z(1� z))�

• Basically of the same form as the Mandelstam amplitude:

•  can be tuned by changing the ratio . ( ) 

     (We already fixed  so that the amplitude becomes s-t symmetric ) 

•  can also be modified by changing the central charge of internal CFT . 

• An unsatisfactory feature:  is constrained and external states are not massless. 
       Can be remedied by including free boson in the internal CFT and dressing       
           vertex operators by free boson vertex operators.

a± w2 /w1 a± =
1
2

± i
2

w2

w1 (2 +
w2

w1 )
w3,4 a+ = 1 − a−

q Sχ

b
→



Closed string generalization

<latexit sha1_base64="M2FJSjbfjv3AS2EDC1Kn6SLQi8Q="></latexit>

Aclosed
4 =

Z

C
d2z |z|�↵0

2 s�2b�2|1� z|�↵0
2 t�2b�2|1� 4�z(1� z)|q

• Performing a similar computation in closed string leads

• It is only s-t symmetric (not s-t-u symmetric)

2 zeros

• Technical reason: One cannot make it s-t-u symmetric using just 2 zeros.  

• Conceptual reason: Conservation of  . Some  are positive and others 

are negative.Mandelstam map is a light cone diagram.

w′ s ∑ wi = 0 w′ s

• Generalization of KLT trick gives a sum of products of Appel 𝔽1

• Similarly, open-string higher-point amplitudes are only partially 
crossing symmetric.



Summary

• Proposed a novel worldsheet theory that is potentially dual to chiral 2d 
YM, symmetric product orbifold and generalized Veneziano amplitude. 

• Non-linear action, OPE contains inverse fields. Nevertheless the path 
integral can be performed explicitly.

• Understand the connection to topological string for chiral 2d YM on a 
torus by Vafa

Speculation: topological string contains fermionic modes on the world sheet. 
Integrating them out would lead to CLD?

<latexit sha1_base64="A9T7rkekHKgnl3PReg1wK+fU0Ho="></latexit>

SCLD =

Z
d2z

2⇡

"
�@̄� + �̄@�̄ + q

 
@'@̄'+

R̂

2
'

!#

• More evidence for the duality with symmetric product orbifold.
• Other generalized Veneziano amplitudes?

If so, we will have a better formulation also for dual of symmetric product orbifold and world 
sheet description of generalized Veneziano.

• Crossing symmetric generalized Virasoro-Shapiro?
• “Derivation” of duality for symmetric product orbifold. Lunin, Mathur


