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Goal of today’s talk
Explain why studying QFT in AdS is  

interesting and exciting

• No gravity in AdS 
• Boundary CFT with no stress tensor (boundary “CT”) 
• Still many similarities with AdS/CFT (e.g. boundary OPE) 
• Encompasses the study of boundary CFT & defect CFT but 

extends them to massive QFT
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Why QFT in AdS?

Flat space ( )Rd Torus ( )Td AdS

Phase transition No transition

Regulates IR effectStrong IR effect

Sphere ( )Sd

Regulates IR effect Regulates IR effect

Large symmetry Breaks symmetry Large symmetry Large symmetry

No transition Phase transition

Asymptotic obs 
(S-matrix)

Asymptotic obs 
(Boundary correlator)

No asymptotic obs No asymptotic obs

• AdS regulates strong IR effects while keeping virtues of flat space. 

• Allows us to interpolate between weakly-coupled, small AdS regime 
( ) and strongly-coupled, large AdS regime ( )LAdSΛ ≪ 1 LAdSΛ ≫ 1

[Callan, Wilczek]



Why QFT in AdS?

• Convergent OPE expansion (even for massive QFT).

• Conformal correlators on the boundary (even for massive QFT).

<latexit sha1_base64="GrxsUQBGr4Uxuqe/LnUz72b7uOA=">AAAB9HicbVDLSgMxFL3xWeur6tJNsAiuykyR6rLoxp0V7APaoWTSTBuayYxJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uSfHjwXXxnG+0dr6xubWdmGnuLu3f3BYOjpu6ShRlDVpJCLV8YlmgkvWNNwI1okVI6EvWNsf32Z+e8KU5pF8NNOYeSEZSh5wSoyVvF5IzIgSkd7P+tV+qexUnDnwKnFzUoYcjX7pqzeIaBIyaaggWnddJzZeSpThVLBZsZdoFhM6JkPWtVSSkGkvnYee4XOrDHAQKfukwXP190ZKQq2noW8ns5B62cvE/7xuYoJrL+UyTgyTdHEoSAQ2Ec4awAOuGDViagmhitusmI6IItTYnoq2BHf5y6ukVa24tUrt4bJcv8nrKMApnMEFuHAFdbiDBjSBwhM8wyu8oQl6Qe/oYzG6hvKdE/gD9PkDuESSFQ==</latexit>

O2
<latexit sha1_base64="vV2VKkXQX3phbFtIg9FHXxFHTcQ=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBHcWJIi1Y1Q1IXLCvYBTQ2T6aQdOpmEmYm0pNm58VfcuFDErb/gzr9x2mahrQcuHM65l3vv8SJGpbKsb2NhcWl5ZTW3ll/f2NzaNnd26zKMBSY1HLJQND0kCaOc1BRVjDQjQVDgMdLw+ldjv/FAhKQhv1PDiLQD1OXUpxgpLbnmwYXjC4QTO01GA9c+Gbil0X1Scq4JUyhNXbNgFa0J4DyxM1IAGaqu+eV0QhwHhCvMkJQt24pUO0FCUcxImndiSSKE+6hLWppyFBDZTiZ/pPBIKx3oh0IXV3Ci/p5IUCDlMPB0Z4BUT856Y/E/rxUr/7ydUB7FinA8XeTHDKoQjkOBHSoIVmyoCcKC6lsh7iGdi9LR5XUI9uzL86ReKtrlYvn2tFC5zOLIgX1wCI6BDc5ABdyAKqgBDB7BM3gFb8aT8WK8Gx/T1gUjm9kDf2B8/gC195k8</latexit>

=
1

|x1 � x2|2�

<latexit sha1_base64="deb4EaZYOjLS0IEK5pw+Di9bn90=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFN+6sYB/QDiWTZtrQTDImmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIOZMG9f9dgpr6xubW8Xt0s7u3v5B+fCopWWiCG0SyaXqBFhTzgRtGmY47cSK4ijgtB2MbzO/PaFKMykezTSmfoSHgoWMYGMlvxdhMyKYp/ezvtcvV9yqOwdaJV5OKpCj0S9/9QaSJBEVhnCsdddzY+OnWBlGOJ2VeommMSZjPKRdSwWOqPbTeegZOrPKAIVS2ScMmqu/N1IcaT2NAjuZhdTLXib+53UTE177KRNxYqggi0NhwpGRKGsADZiixPCpJZgoZrMiMsIKE2N7KtkSvOUvr5LWRdWrVWsPl5X6TV5HEU7gFM7Bgyuowx00oAkEnuAZXuHNmTgvzrvzsRgtOPnOMfyB8/kDtsCSFA==</latexit>

O1

<latexit sha1_base64="GrxsUQBGr4Uxuqe/LnUz72b7uOA=">AAAB9HicbVDLSgMxFL3xWeur6tJNsAiuykyR6rLoxp0V7APaoWTSTBuayYxJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uSfHjwXXxnG+0dr6xubWdmGnuLu3f3BYOjpu6ShRlDVpJCLV8YlmgkvWNNwI1okVI6EvWNsf32Z+e8KU5pF8NNOYeSEZSh5wSoyVvF5IzIgSkd7P+tV+qexUnDnwKnFzUoYcjX7pqzeIaBIyaaggWnddJzZeSpThVLBZsZdoFhM6JkPWtVSSkGkvnYee4XOrDHAQKfukwXP190ZKQq2noW8ns5B62cvE/7xuYoJrL+UyTgyTdHEoSAQ2Ec4awAOuGDViagmhitusmI6IItTYnoq2BHf5y6ukVa24tUrt4bJcv8nrKMApnMEFuHAFdbiDBjSBwhM8wyu8oQl6Qe/oYzG6hvKdE/gD9PkDuESSFQ==</latexit>

O2

<latexit sha1_base64="XDpjK3E44thhDk88DDv80jhqmpw=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyoVJdFN+6sYB/QDiWTZtrQTDImmUIZ+h1uXCji1o9x59+YaWeh1QOBwzn3ck9OEHOmjet+OYWV1bX1jeJmaWt7Z3evvH/Q0jJRhDaJ5FJ1AqwpZ4I2DTOcdmJFcRRw2g7GN5nfnlClmRQPZhpTP8JDwUJGsLGS34uwGRHM07tZ/7xfrrhVdw70l3g5qUCORr/82RtIkkRUGMKx1l3PjY2fYmUY4XRW6iWaxpiM8ZB2LRU4otpP56Fn6MQqAxRKZZ8waK7+3EhxpPU0CuxkFlIve5n4n9dNTHjlp0zEiaGCLA6FCUdGoqwBNGCKEsOnlmCimM2KyAgrTIztqWRL8Ja//Je0zqperVq7v6jUr/M6inAEx3AKHlxCHW6hAU0g8AhP8AKvzsR5dt6c98Vowcl3DuEXnI9vuciSFg==</latexit>

O3

<latexit sha1_base64="M19pVwhsJBxJ+rLR9BgP7o7zGIE="></latexit>

=
C123(LAdS⇤)

|x1 � x2|�1+�2��3 · · ·

<latexit sha1_base64="deb4EaZYOjLS0IEK5pw+Di9bn90=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFN+6sYB/QDiWTZtrQTDImmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIOZMG9f9dgpr6xubW8Xt0s7u3v5B+fCopWWiCG0SyaXqBFhTzgRtGmY47cSK4ijgtB2MbzO/PaFKMykezTSmfoSHgoWMYGMlvxdhMyKYp/ezvtcvV9yqOwdaJV5OKpCj0S9/9QaSJBEVhnCsdddzY+OnWBlGOJ2VeommMSZjPKRdSwWOqPbTeegZOrPKAIVS2ScMmqu/N1IcaT2NAjuZhdTLXib+53UTE177KRNxYqggi0NhwpGRKGsADZiixPCpJZgoZrMiMsIKE2N7KtkSvOUvr5LWRdWrVWsPl5X6TV5HEU7gFM7Bgyuowx00oAkEnuAZXuHNmTgvzrvzsRgtOPnOMfyB8/kDtsCSFA==</latexit>

O1

<latexit sha1_base64="5/aycnCHsUXzRwAPq3ZWb2jB1D8=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARKkhJRKrLoht3VrAPaEKZTCft0MkkzEzEGrPwV9y4UMStv+HOv3HSZqGtBwYO59zLPXO8iFGpLOvbKCwsLi2vFFdLa+sbm1vm9k5LhrHApIlDFoqOhyRhlJOmooqRTiQICjxG2t7oMvPbd0RIGvJbNY6IG6ABpz7FSGmpZ+45Q6QSJ0BqiBFLrtO0cn/8cNQzy1bVmgDOEzsnZZCj0TO/nH6I44BwhRmSsmtbkXITJBTFjKQlJ5YkQniEBqSrKUcBkW4yyZ/CQ630oR8K/biCE/X3RoICKceBpyezoHLWy8T/vG6s/HM3oTyKFeF4esiPGVQhzMqAfSoIVmysCcKC6qwQD5FAWOnKSroEe/bL86R1UrVr1drNabl+kddRBPvgAFSADc5AHVyBBmgCDB7BM3gFb8aT8WK8Gx/T0YKR7+yCPzA+fwDwrZYP</latexit>
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• No such expansions known in massive QFT in flat space 
    (The lore says OPE is only asymptotic in massive theory)

• Extends similar relations in BCFT (& dCFT) to massive QFT.



Why QFT in AdS?

• State-operator correspondence

Coordinate transf
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• Lots of recent progress on S-matrix bootstrap.

Non-perturbative S-matrix from flat-space limit

cf. Andrea’s talk!

• Analytic properties of S-matrices (in complex Mandelstam variable plane) is 
one of the most important inputs.

• The state of art is from 60’s (!): axiomatic QFT, defines S-matrix by LSZ, 
uses very technical mathematical result (edge of wedge theorem etc)

• Even 2 to 2 amplitude not fully understood. Much less for higher-point.

• We have more analytic control over CFT correlators.

• Can we take the flat-space limit of AdS to say something about 
analyticity of the S-matrix?



S-matrix from CFT correlator

• Usual “AdS/CFT” dictionary:
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• Physical picture: 

•  in the flat space limitΔ → ∞

• (Compton wavelength)  AdS scale≪
• Particles become classical

• The saddle-point equation of 4 geodesics meeting at a point gives 
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[Giddings, Polchinski, Penedones,….]

[SK, Paulos, van Rees, Zhao]



Position space formula for S-matrix from CFT

• More precise conjecture: [SK, Paulos, van Rees, Zhao]
<latexit sha1_base64="2WF/dFHysG04utDmIPKI5xzbReE=">AAACI3icbZDLSgMxFIYz3q23qks3wSIoljIjoiIIomBdKtgLtMOQSVMbzGVIzghl6Lu48VXcuFDEjQvfxbSO4O1AyM/3n0Ny/jgR3ILvv3lj4xOTU9Mzs4W5+YXFpeLySt3q1FBWo1po04yJZYIrVgMOgjUTw4iMBWvEN6dDv3HLjOVaXUE/YaEk14p3OSXgUFQ8rG7aMpTTraNqlLWNxNWzs0GOtnNEtQJC4Qtf5XdULPkVf1T4rwhyUUJ5XUTFl3ZH01QyBVQQa1uBn0CYEQOcCjYotFPLEkJvyDVrOamIZDbMRjsO8IYjHdzVxh0FeES/T2REWtuXseuUBHr2tzeE/3mtFLoHYcZVkgJT9POhbiowaDwMDHe4YRRE3wlCDXd/xbRHjAvExVpwIQS/V/4r6juVYK+yd7lbOj7J45hBa2gdbaIA7aNjdI4uUA1RdIce0BN69u69R+/Fe/1sHfPymVX0o7z3D3+hocI=</latexit>

G(s, t, u) = GGFF(s, t, u) +Gcontact(s, t, u)T (s, t, u)
<latexit sha1_base64="dbLooS+v18FzFU8AzvbU17/veCw=">AAACIHicbVBNS8NAEN34bf2qevSyWASFUhIR9SL4cfHgQbHVQlPCZrupS3c3YXcilJCf4sW/4sWDInrTX+O2zUGrDwYe780wMy9MBDfgup/OxOTU9Mzs3HxpYXFpeaW8unZj4lRT1qCxiHUzJIYJrlgDOAjWTDQjMhTsNuydDfzbe6YNj1Ud+glrS9JVPOKUgJWC8oEvuAyyiyDztcQnnevch9jnKoJ+Xt82VaimO0f1kRsJAnmhBeWKW3OHwH+JV5AKKnAZlD/8TkxTyRRQQYxpeW4C7Yxo4FSwvOSnhiWE9kiXtSxVRDLTzoYP5njLKh0cxdqWAjxUf05kRBrTl6HtlATuzLg3EP/zWilEh+2MqyQFpuhoUZQKDDEepIU7XDMKom8JoZrbWzG9I5pQsJmWbAje+Mt/yc1uzduv7V/tVY5Pizjm0AbaRNvIQwfoGJ2jS9RAFD2gJ/SCXp1H59l5c95HrRNOMbOOfsH5+gb4SqLU</latexit>

lim
LAdS!1

T (s, t, u) = Tflat(s, t, u)

[van Rees, Zhao]

• Under the assumption Δnext > 2Δlightest

• Can be checked perturbatively.

• Assuming that the limit is finite in a subregion , one can 
show that the analyticity of  on the first sheet of  -plane.

s, t, u ≤ 2m2

T(s, t, u) s, t, u

• One can also derive the so-called extended unitarity with the same 
assumption.

• Both are beyond the results in 60’s!



Plan

1.Generalities on QFT in AdS 

2.Non-perturbative S-matrix from flat-space limit 

3.Asymptotic freedom in AdS 

4.Boundary and defect CFT
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Asymptotically Free Theory in AdS

• AdS allows us to study asymptotically free theory from 
perturbation, bootstrap, ….

• UV ( ): Weakly interacting massless particlesLAdSΛ ≪ 1

• IR ( ): strongly coupled, mass gap LAdSΛ ≫ 1

• Depending on the boundary condition, the two regimes are either 
smoothly connected, or separated by a phase transition.



4d Yang-Mills in AdS
[Aharony, Berkooz, Tong, Yankielowicz]

• Yang-Mills in AdS admits two bc.

• Neumann (magnetic) bc:
<latexit sha1_base64="hlM3v4yFhTtaW2Z75qeVvRb+Rns=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVqV6EoiAeK9gPaJeSTbNtbDZZk6xQl/4JLx4U8erf8ea/MW33oK0PBh7vzTAzL4g508Z1v53c0vLK6lp+vbCxubW9U9zda2iZKELrRHKpWgHWlDNB64YZTluxojgKOG0Gw6uJ33ykSjMp7swopn6E+4KFjGBjpdZ1N326H1+43WLJLbtToEXiZaQEGWrd4lenJ0kSUWEIx1q3PTc2foqVYYTTcaGTaBpjMsR92rZU4IhqP53eO0ZHVumhUCpbwqCp+nsixZHWoyiwnRE2Az3vTcT/vHZiwnM/ZSJODBVktihMODISTZ5HPaYoMXxkCSaK2VsRGWCFibERFWwI3vzLi6RxUvYq5crtaal6mcWRhwM4hGPw4AyqcAM1qAMBDs/wCm/Og/PivDsfs9ack83swx84nz+yPI/D</latexit>

Fzj = 0

• Boundary CFT contains gauge fields 
• Physical states are singlets of gauge group even at weak coupling. 
• Interpolation is expected to be smooth. 
• A great setup for “adiabatic continuity”: large symmetry, bootstrap….

[Argyres, Dunne, Unsal ….]



4d Yang-Mills in AdS
[Aharony, Berkooz, Tong, Yankielowicz]

• Yang-Mills in AdS admits two bc.

<latexit sha1_base64="7tgLVSyYi92+lEEvidRcJmz2RYg=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV2R6EUICuIxgnlAsoTZyWwyZnZ2nekVwpKf8OJBEa/+jjf/xsnjoIkFDUVVN91dQSKFQdf9dpaWV1bX1nMb+c2t7Z3dwt5+3cSpZrzGYhnrZkANl0LxGgqUvJloTqNA8kYwuB77jSeujYjVPQ4T7ke0p0QoGEUrNW86mXgYXbqdQtEtuROQReLNSBFmqHYKX+1uzNKIK2SSGtPy3AT9jGoUTPJRvp0anlA2oD3eslTRiBs/m9w7IsdW6ZIw1rYUkon6eyKjkTHDKLCdEcW+mffG4n9eK8Xwws+ESlLkik0XhakkGJPx86QrNGcoh5ZQpoW9lbA+1ZShjShvQ/DmX14k9dOSVy6V786KlatZHDk4hCM4AQ/OoQK3UIUaMJDwDK/w5jw6L8678zFtXXJmMwfwB87nD5g0j7I=</latexit>

Fij = 0

• Neumann (magnetic) bc:
<latexit sha1_base64="hlM3v4yFhTtaW2Z75qeVvRb+Rns=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVqV6EoiAeK9gPaJeSTbNtbDZZk6xQl/4JLx4U8erf8ea/MW33oK0PBh7vzTAzL4g508Z1v53c0vLK6lp+vbCxubW9U9zda2iZKELrRHKpWgHWlDNB64YZTluxojgKOG0Gw6uJ33ykSjMp7swopn6E+4KFjGBjpdZ1N326H1+43WLJLbtToEXiZaQEGWrd4lenJ0kSUWEIx1q3PTc2foqVYYTTcaGTaBpjMsR92rZU4IhqP53eO0ZHVumhUCpbwqCp+nsixZHWoyiwnRE2Az3vTcT/vHZiwnM/ZSJODBVktihMODISTZ5HPaYoMXxkCSaK2VsRGWCFibERFWwI3vzLi6RxUvYq5crtaal6mcWRhwM4hGPw4AyqcAM1qAMBDs/wCm/Og/PivDsfs9ack83swx84nz+yPI/D</latexit>

Fzj = 0

• Dirichlet (electric) bc:

• At UV, boundary CFT contains current  dual to gluon. 

• Gluons (color charged states) should disappear in flat-space limit. 
• There should be a confinement transition.

Jμ

• Boundary CFT contains gauge fields 
• Physical states are singlets of gauge group even at weak coupling. 
• Interpolation is expected to be smooth. 
• A great setup for “adiabatic continuity”: large symmetry, bootstrap….

[Argyres, Dunne, Unsal ….]



4d Yang-Mills in AdS
[Aharony, Berkooz, Tong, Yankielowicz]

• Yang-Mills in AdS admits two bc.

<latexit sha1_base64="7tgLVSyYi92+lEEvidRcJmz2RYg=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV2R6EUICuIxgnlAsoTZyWwyZnZ2nekVwpKf8OJBEa/+jjf/xsnjoIkFDUVVN91dQSKFQdf9dpaWV1bX1nMb+c2t7Z3dwt5+3cSpZrzGYhnrZkANl0LxGgqUvJloTqNA8kYwuB77jSeujYjVPQ4T7ke0p0QoGEUrNW86mXgYXbqdQtEtuROQReLNSBFmqHYKX+1uzNKIK2SSGtPy3AT9jGoUTPJRvp0anlA2oD3eslTRiBs/m9w7IsdW6ZIw1rYUkon6eyKjkTHDKLCdEcW+mffG4n9eK8Xwws+ESlLkik0XhakkGJPx86QrNGcoh5ZQpoW9lbA+1ZShjShvQ/DmX14k9dOSVy6V786KlatZHDk4hCM4AQ/OoQK3UIUaMJDwDK/w5jw6L8678zFtXXJmMwfwB87nD5g0j7I=</latexit>

Fij = 0

• Neumann (magnetic) bc:
<latexit sha1_base64="hlM3v4yFhTtaW2Z75qeVvRb+Rns=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVqV6EoiAeK9gPaJeSTbNtbDZZk6xQl/4JLx4U8erf8ea/MW33oK0PBh7vzTAzL4g508Z1v53c0vLK6lp+vbCxubW9U9zda2iZKELrRHKpWgHWlDNB64YZTluxojgKOG0Gw6uJ33ykSjMp7swopn6E+4KFjGBjpdZ1N326H1+43WLJLbtToEXiZaQEGWrd4lenJ0kSUWEIx1q3PTc2foqVYYTTcaGTaBpjMsR92rZU4IhqP53eO0ZHVumhUCpbwqCp+nsixZHWoyiwnRE2Az3vTcT/vHZiwnM/ZSJODBVktihMODISTZ5HPaYoMXxkCSaK2VsRGWCFibERFWwI3vzLi6RxUvYq5crtaal6mcWRhwM4hGPw4AyqcAM1qAMBDs/wCm/Og/PivDsfs9ack83swx84nz+yPI/D</latexit>

Fzj = 0

• Boundary CFT contains gauge fields 
• Physical states are singlets of gauge group even at weak coupling. 
• Interpolation is expected to be smooth. 
• A great setup for “adiabatic continuity”: large symmetry, bootstrap….

• Dirichlet (electric) bc:

• At UV, boundary CFT contains current  dual to gluon. 

• Gluons (color charged states) should disappear in flat-space limit. 
• There should be a confinement transition.

Jμ

Q: How does the Dirichlet bc disappear?

[Argyres, Dunne, Unsal ….]



Scenarios for phase transitions
[Aharony, Berkooz, Tong, Yankielowicz]

• Higgs: bulk charged scalar condenses. In CFT terms, this corresponds 
to a multiplet recombination by adjoint, marginal scalar.

• Decoupling: colored states (gluons) become “null states”

<latexit sha1_base64="ijrCDbENtAsA1L2eQpR9VArpzLY=">AAACGHicbVBNSwMxEM36bf1a9eglWARPdVdEvQiiF/FiBVuF7lpm07RGk+ySZIWy7M/w4l/x4kERr735b8y2e9Dqg5DHezPMzIsSzrTxvC9nYnJqemZ2br6ysLi0vOKurjV1nCpCGyTmsbqJQFPOJG0YZji9SRQFEXF6HT2cFv71I1WaxfLK9BMaCuhJ1mUEjJXa7k6QgDIMeDsLRJqf3w6/o0CAuSPAs4vcGkpg6NzHTJq87Va9mjcE/kv8klRRiXrbHQSdmKSCSkM4aN3yvcSEWTGUcJpXglTTBMgD9GjLUgmC6jAbHpbjLat0cDdW9kmDh+rPjgyE1n0R2cpiYT3uFeJ/Xis13cMwYzJJDZVkNKibcmxiXKSEO0xRYnjfEiCK2V0xuQMFxNgsKzYEf/zkv6S5W/P3a/uXe9XjkzKOObSBNtE28tEBOkZnqI4aiKAn9ILe0Lvz7Lw6H87nqHTCKXvW0S84g2/3zKGd</latexit>

@µJ
µ = Oadjoint

<latexit sha1_base64="L6DFfNXSAd49QKVaQWevcgkjP1E=">AAACG3icbVBLS8NAGNz4rPUV9ehlsQieSlKkeiz2Ij1VsA9oQthsN+3SzSbsQygh/8OLf8WLB0U8CR78N27bHLR1YNlh5vvYnQlTRqVynG9rbX1jc2u7tFPe3ds/OLSPjrsy0QKTDk5YIvohkoRRTjqKKkb6qSAoDhnphZPmzO89ECFpwu/VNCV+jEacRhQjZaTArnkM8REjsBVkXqzz+c117omF7KUiSVUCm0HWyqFnmBPYFafqzAFXiVuQCijQDuxPb5hgHROuMENSDlwnVX6GhKKYkbzsaUlShCdoRAaGchQT6WfzbDk8N8oQRokwhys4V39vZCiWchqHZjJGaiyXvZn4nzfQKrr2M8pTrQjHi4cizaCJOCsKDqkgWLGpIQgLav4K8RgJhJWps2xKcJcjr5JurerWq/W7y0rjpqijBE7BGbgALrgCDXAL2qADMHgEz+AVvFlP1ov1bn0sRtesYucE/IH19QOW6qEg</latexit>

hJµJ⌫i / CJ ! 0

• Tachyon: some states become tachyonic (below BF bound). In 
BCFT, this means 

<latexit sha1_base64="qqCrkuMTJG0XDuPt0PB3DPY8dkE=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXNWkSnUjFHXhzgr2AU0Ik+m0HTqZhJmJUELc+CtuXCji1r9w5984abPQ1gMXDufcy733+BGjUlnWt1FYWFxaXimultbWNza3zO2dlgxjgUkThywUHR9JwignTUUVI51IEBT4jLT90VXmtx+IkDTk92ocETdAA077FCOlJc/cc64JU8hLnACpIUYsuU3Ti5PjqmeWrYo1AZwndk7KIEfDM7+cXojjgHCFGZKya1uRchMkFMWMpCUnliRCeIQGpKspRwGRbjL5IIWHWunBfih0cQUn6u+JBAVSjgNfd2Z3ylkvE//zurHqn7sJ5VGsCMfTRf2YQRXCLA7Yo4JgxcaaICyovhXiIRIIKx1aSYdgz748T1rVil2r1O5Oy/XLPI4i2AcH4AjY4AzUwQ1ogCbA4BE8g1fwZjwZL8a78TFtLRj5zC74A+PzB/BYlpE=</latexit>

�O = 3/2



Scenarios for phase transitions

• Singlet marginality: a singlet scalar operator  becomes 
marginal at some point and triggers (boundary) RG flow.

𝒪
[SK, Copetti, Di Pietro, Ji]

<latexit sha1_base64="oZArkhtjgjjeUbFGxYUHtWwJErA="></latexit>Z

AdS

1

2g2
tr (Fµ⌫)

2 +

Z

@AdS
yO

<latexit sha1_base64="dn0unwHSxPrQoGhFsEUuPIpKiHo="></latexit>

�y = #

✓
1

g2⇤
� 1

g2

◆
+#y2

• Zeros of beta function exists only for  .g < g*

[Lauria, Milan, van Rees]

• Fixed points merge and annihilate.
<latexit sha1_base64="22NYd30CIGnvW2Eny2L7HcQsy54=">AAAB8HicbVBNS8NAEN3Ur1q/qh69BIvgqSQi1WPRi8cK9kPaUDbbSbt0dxN2J0IJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemAhu0PO+ncLa+sbmVnG7tLO7t39QPjxqmTjVDJosFrHuhNSA4AqayFFAJ9FAZSigHY5vZ377CbThsXrASQKBpEPFI84oWumxFwLSfjaZ9ssVr+rN4a4SPycVkqPRL3/1BjFLJShkghrT9b0Eg4xq5EzAtNRLDSSUjekQupYqKsEE2fzgqXtmlYEbxdqWQneu/p7IqDRmIkPbKSmOzLI3E//zuilG10HGVZIiKLZYFKXCxdidfe8OuAaGYmIJZZrbW102opoytBmVbAj+8surpHVR9WvV2v1lpX6Tx1EkJ+SUnBOfXJE6uSMN0iSMSPJMXsmbo50X5935WLQWnHzmmPyB8/kDJQyQpw==</latexit>

�y

<latexit sha1_base64="Wc+SuwGu1gWPWB5JAP5olpWFkag=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjRBKf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDyRL0IzqUPOSMGis1sn6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGH9CleFM4LTYSzUmlI3pELuWShqh9ifzQ6fk3CoDEsbKljRkrv6emNBI6ywKbGdEzUgvezPxP6+bmvDGn3CZpAYlWywKU0FMTGZfkwFXyIzILKFMcXsrYSOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kD60+NCA==</latexit>y

<latexit sha1_base64="22NYd30CIGnvW2Eny2L7HcQsy54=">AAAB8HicbVBNS8NAEN3Ur1q/qh69BIvgqSQi1WPRi8cK9kPaUDbbSbt0dxN2J0IJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemAhu0PO+ncLa+sbmVnG7tLO7t39QPjxqmTjVDJosFrHuhNSA4AqayFFAJ9FAZSigHY5vZ377CbThsXrASQKBpEPFI84oWumxFwLSfjaZ9ssVr+rN4a4SPycVkqPRL3/1BjFLJShkghrT9b0Eg4xq5EzAtNRLDSSUjekQupYqKsEE2fzgqXtmlYEbxdqWQneu/p7IqDRmIkPbKSmOzLI3E//zuilG10HGVZIiKLZYFKXCxdidfe8OuAaGYmIJZZrbW102opoytBmVbAj+8surpHVR9WvV2v1lpX6Tx1EkJ+SUnBOfXJE6uSMN0iSMSPJMXsmbo50X5935WLQWnHzmmPyB8/kDJQyQpw==</latexit>

�y

<latexit sha1_base64="Wc+SuwGu1gWPWB5JAP5olpWFkag=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjRBKf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDyRL0IzqUPOSMGis1sn6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGH9CleFM4LTYSzUmlI3pELuWShqh9ifzQ6fk3CoDEsbKljRkrv6emNBI6ywKbGdEzUgvezPxP6+bmvDGn3CZpAYlWywKU0FMTGZfkwFXyIzILKFMcXsrYSOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kD60+NCA==</latexit>y
<latexit sha1_base64="5dOG2oKbA+WH2h5vR6f8kL+yxV0=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EooVF0MYygvnA5Ah7m71kyd7esTsnhCP/wsZCEVv/jZ3/xk1yhUYfDDzem2FmXpBIYdB1v5zCyura+kZxs7S1vbO7V94/aJk41Yw3WSxj3Qmo4VIo3kSBkncSzWkUSN4Oxjczv/3ItRGxusdJwv2IDpUIBaNopYfh1bCf9ajBab9ccavuHOQv8XJSgRyNfvmzN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzi6fkxCoDEsbalkIyV39OZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMnufDITmDOXEEsq0sLcSNqKaMrQhlWwI3vLLf0nrrOrVqrW780r9Oo+jCEdwDKfgwQXU4RYa0AQGCp7gBV4d4zw7b877orXg5DOH8AvOxzepEpDu</latexit>

g < g⇤
<latexit sha1_base64="4gnc/ZBYhyn+DLlKb8nHOZfOoD8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqicpevFYwX5gG8pmu2mXbjZhdyKU0H/hxYMiXv033vw3btsctPpg4PHeDDPzgkQKg6775RRWVtfWN4qbpa3tnd298v5By8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpn57UeujYjVPU4S7kd0qEQoGEUrPQyvhv2sRw1O++WKW3XnIH+Jl5MK5Gj0y5+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5tfPCUnVhmQMNa2FJK5+nMio5ExkyiwnRHFkVn2ZuJ/XjfF8NLPhEpS5IotFoWpJBiT2ftkIDRnKCeWUKaFvZWwEdWUoQ2pZEPwll/+S1pnVa9Wrd2dV+rXeRxFOIJjOAUPLqAOt9CAJjBQ8AQv8OoY59l5c94XrQUnnzmEX3A+vgGsKpDw</latexit>

g > g⇤

[Gorbenko, Rychkov, Zan]

cf. [Fredenhagen, Gaberdiel, Keller]  
“bulk-induced boundary perturbation”



Scenarios for phase transitions

• Singlet marginality: a singlet scalar operator  becomes 
marginal at some point and triggers (boundary) RG flow.

𝒪

[SK, Copetti, Di Pietro, Ji]

Q: Can we see explicitly which one is realized?

• Asymptotically free 2d theory: O(N) model at large N 
• Perturbative analysis in Yang-Mills in AdS

[SK, Copetti, Di Pietro, Ji]

[Ciccone, De Cesare, Di Pietro, Serone]



O(N) model at large N

• O(N) nonlinear sigma model in 2d is a famous tractable example 
of asymptotically free theory.

• Target space: ⃗n ⋅ ⃗n = 1

• UV Lagrangian has  massless (“Goldstone”) bosons.n − 1

• In flat space, the IR is gapped with  massive bosons. n

• In AdS, there exists a SSB breaking boundary condition with 
 massless bosons.n − 1 <latexit sha1_base64="jY1x3g+f8QCiZhSnfWG0wXFfil0=">AAACD3icbVDLSsNAFJ34rPUVdelmsCiuSiJS3QhVNy4r2gc0IUwm03boZBJmJoUS8wdu/BU3LhRx69adf+OkzUJbD1w4nHMv997jx4xKZVnfxsLi0vLKammtvL6xubVt7uy2ZJQITJo4YpHo+EgSRjlpKqoY6cSCoNBnpO0Pr3O/PSJC0ojfq3FM3BD1Oe1RjJSWPPPIGRGc8uzBS50YCUURSx0RwsvgLssuCtOzPLNiVa0J4DyxC1IBBRqe+eUEEU5CwhVmSMqubcXKTfMNmJGs7CSSxAgPUZ90NeUoJNJNJ/9k8FArAexFQhdXcKL+nkhRKOU49HVniNRAznq5+J/XTVTv3E0pjxNFOJ4u6iUMqgjm4cCACoIVG2uCsKD6VogHSCCsdIRlHYI9+/I8aZ1U7Vq1dntaqV8VcZTAPjgAx8AGZ6AObkADNAEGj+AZvII348l4Md6Nj2nrglHM7IE/MD5/ADTGnWU=</latexit>

~n|@AdS = ~n0

• They correspond to exactly marginal scalars parametrizing 
conformal manifold.



O(N) model at large N
[Inami, Ooguri]
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~n|@AdS = ~n0

• Applying the large N techniques, we find

• The gapless phase disappears precisely when we have a singlet 
marginal operator.

• Supports the singlet marginality scenario.

[SK, Copetti, Di Pietro, Ji]



Yang-Mills in AdS with Dirichlet bc
[Ciccone, De Cesare, Di Pietro, Serone]

• One can compute the anomalous dimension of various operators 
perturbatively. 

• Lightest adjoint scalar (relevant for Higgs): JμJμ

• Lightest singlet scalar (relevant for Marginality): tr (JμJμ)
• Result:
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• Supports singlet marginality.

• Ongoing work on numerical bootstrap.
[Di Pietro, Kousvos, Meineri, Piazza, Serone, Vichi]



Plan

1.Generalities on QFT in AdS 

2.Non-perturbative S-matrix from flat-space limit 

3.Asymptotic freedom in AdS 

4.Boundary and defect CFT



Flat space ( )Rd Torus ( )Td AdS

Phase transition No transition

Regulates IR effectStrong IR effect

Sphere ( )Sd

Regulates IR effect Regulates IR effect

Large symmetry Breaks symmetry Large symmetry Large symmetry

No transition Phase transition

Asymptotic obs 
(S-matrix)

Asymptotic obs 
(Boundary correlator)

No asymptotic obs No asymptotic obs



QFT in AdS and defect CFT

• QFT in AdS encompasses the study of boundary or defect CFT.

• CFT in  : Boundary CFTAdSd

• CFT in  : -dimensional defect CFTAdSp+1 × Sd−p p

• By tuning the bulk QFT coupling so that the bulk becomes critical, 
one can extract BCFT, dCFT data. [Carmi, Di Pietro, Komatsu]

[Cuomo, Komargodski, Mezei]
[Giombi, Khanchandani]

• One can also “interpolate” between defects in different CFTs.

• e.g. defects in Wilson-Fisher fixed point and Gaussian fixed point.



Conclusion

• QFT in AdS allows us to address many interesting questions.
• Non-perturbative analyticity of S-matrix.
• Mass gap and confinement.
• Boundary CFT and defect CFT.

• It can be addressed by a variety of modern techniques.
• Large N
• Perturbation
• Bootstrap (analytical, numerical)

• Semiclassics, resurgence (IR renomalons?)
• Adiabatic continuity Not much so far

Not much so far

• Supersymmetry, localization Davide Bason’s poster!



https://sites.google.com/view/qftinadsworkshop/home

https://sites.google.com/view/qftinadsworkshop/home

