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Figure 1: The geometry of the boundary defect (left) and plane defect (right) for the 3d O(N) model.

1 Introduction

Recent interest in the physics of boundaries and defects has been driven in part by the field of topo-
logical phases, in which such defects often expose protected modes. While the implications of bulk
topological physics for defect modes are well-understood for a gapped bulk, less is known about be-
havior of defects and boundaries in the presence of a critical bulk. Even in the classical 3d O(N)
model, the phase diagram in the presence of a boundary or defect is not fully settled.[1]

Let us briefly review recent developments in the boundary physics of the 3d O(N) model. Consider
a system of classical N -component spins ~Si of length one on sites of a semi-infinite 3d cubic lattice
coupled via the nearest neighbour interaction

�H = �
X

hiji

Kij
~Si · ~Sj . (1.1)

If both sites i and j belong to the surface layer, we set Kij = K1, otherwise, Kij = K (see Fig. 1,
left). For N = 1, 2 the boundary phase diagram has the schematic shape shown in Fig. 2, left. When
the system is tuned to the bulk critical point K = Kc it admits three boundary universality classes:

• the “ordinary” universality class, where the bulk and boundary order at the same bulk coupling,

• the “extraordinary” universality class, where the onset of bulk order occurs in the presence of
(quasi) long-range boundary order,

• the “special” universality class, the multicritical point in Fig. 2, left.

The presence of a (quasi)long-range ordered boundary phase for K < Kc and large K1/K mandates
the existence of these three classes.

For N > 2, the boundary has a finite correlation length for K < Kc. Thus, the existence of
a separate extraordinary boundary universality class is not required. Nevertheless, per Ref. [1], the
extraordinary boundary universality class actually survives in the range 2 < N < Nc, where the
phase diagram has the shape in Fig. 2, right. Here, Nc > 2 is an a priori unknown critical value of
N . Furthermore, in the range 2  N < Nc the extraordinary universality class has a boundary spin
correlation function that falls o↵ as

h~Sx · ~Syi ⇠ 1

(log |x � y|)q
, (1.2)

with q(N) a universal power. Thus, in this range of N the extraordinary boundary universality
class is labeled as “extraordinary-log”. The universal properties of this class, including the power q
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Four directions

Currently four major directions in the study of defects

• Topological defects and generalised symmetries: defects as symmetry generators
[Gaiotto, Kapustin, Seiberg, Willett; Chang, Lin, Shao, Wang, Yin; …]

E.g. 4d Maxwell
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Ô(⌧)

<latexit sha1_base64="Y0S0gCOerN3Wqo7Vlz09DhNhA2A=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL2W3iHosePFmBfsB26Vk02wbmk2WZFYsS3+GFw+KePXXePPfmLZ70NYHA4/3ZpiZFyaCG3Ddb6ewtr6xuVXcLu3s7u0flA+P2kalmrIWVULpbkgME1yyFnAQrJtoRuJQsE44vpn5nUemDVfyASYJC2IylDzilICV/KxHicB30+rTeb9ccWvuHHiVeDmpoBzNfvmrN1A0jZkEKogxvucmEGREA6eCTUu91LCE0DEZMt9SSWJmgmx+8hSfWWWAI6VtScBz9fdERmJjJnFoO2MCI7PszcT/PD+F6DrIuExSYJIuFkWpwKDw7H884JpREBNLCNXc3orpiGhCwaZUsiF4yy+vkna95l3WvPuLSqOex1FEJ+gUVZGHrlAD3aImaiGKFHpGr+jNAefFeXc+Fq0FJ585Rn/gfP4AXIiQmg==</latexit>

O(x)

<latexit sha1_base64="+G2Ee8j+UeIlplBM82EKiR8fhsc=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoMQL2EmSExuAS/ejGAWyIRQ0+kkTXoWumvEMORXvHhQxKs/4s2/sbMIKvqg4PFeFVX1/FgKjY7zYWXW1jc2t7LbuZ3dvf0D+zDf0lGiGG+ySEaq44PmUoS8iQIl78SKQ+BL3vYnl3O/fceVFlF4i9OY9wIYhWIoGKCR+nbeGwOmHgNJr2dFDyE569sFp+QYVCp0Ttyq4xpSq1XL5Rp1F5bjFMgKjb797g0ilgQ8RCZB667rxNhLQaFgks9yXqJ5DGwCI941NISA6166uH1GT40yoMNImQqRLtTvEykEWk8D33QGgGP925uLf3ndBIfVXirCOEEesuWiYSIpRnQeBB0IxRnKqSHAlDC3UjYGBQxNXDkTwten9H/SKpfcSsm9OS/Uy6s4suSYnJAicckFqZMr0iBNwsg9eSBP5NmaWY/Wi/W6bM1Yq5kj8gPW2yeKRpQV</latexit>
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Physical setup

Symmetries and RG

• Defect line preserves 

may be broken by physics on the line

• Fixed points preserve maximal symmetry (also for higher d)
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Two viewpoints

• Impurity or heavy probe: changes Hilbert space

Applications: order parameter for confinement; 
physical boundaries (SP criticality, …);
impurities, dislocations, …
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Two viewpoints

• Impurity or heavy probe: changes Hilbert space
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• On time slice: operator acting on Hilbert space

Applications: area vs perimeter law of WLs; 
charges of generalised symmetries
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Methods

• Perturbation theory: defect can be (strongly) interacting even when bulk is free
[Allais, Sachdev; Cuomo, Komargodski, Mezei; Cuomo, Komargodski, Mezei, Raviv-Moshe; …]

• Large N: vector, melonic, matrix
[Metlitski; Cuomo, Komargodski, Mezei; Popov, Wang; Krishnan, Metlitski; Drukker, Gross; …]

• Semiclassics at large charge
[Cuomo, Komargodski, Mezei, Raviv-Moshe; Rodriguez-Gomez; Rodriguez-Gomez, Russo; …]

• Bootstrap
[Gliozzi, Liendo, Meineri, Rago; Billo, Goncalves, Lauria, Meineri; Lauria, Liendo, van Rees, Zhao; Behan, Di Pietro, 
Lauria, van Rees; Collier, Mazanc, Wang; Padayasi, Krishnan, Metlitski, Gruzberg, Meineri; Herzog, Shrestha; …]

• Integrability and localization
[Pestun; Giombi, Komatsu; Liendo, Meneghelli; Grabner, Gromov, Julius; Komatsu, Wang; …]

• RG monotonicity
Ø Dilaton effective action

[Jensen, O’Bannon; Cuomo, Komargodski, Raviv-Moshe; Wang]
Ø Entanglement entropy inequalities

[Casini, Testé, Torroba; Casini, Landea, Torroba]
• (Quantum) Monte Carlo and quantum simulation

[Assaad, Herbut; Allais; Toldin, Assaad, Wessel; Ebadi et al.]
• Combinations of the above
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In odd dimensions RG monotonicity expected from universal piece in partition function 
[Jafferis; Jafferis, Klebanov, Pufu, Safdi]

• Line defect insertion
[Cuomo, Komargodski, Raviv-Moshe; Affleck, Ludwig; Friedan, Konechny]

RG monotonicity
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In odd dimensions RG monotonicity expected from universal piece in partition function 
[Jafferis; Jafferis, Klebanov, Pufu, Safdi]

• Line defect insertion
[Cuomo, Komargodski, Raviv-Moshe; Affleck, Ludwig; Friedan, Konechny]

• Key step         spurion

RG monotonicity
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In even dimensions trace anomaly coefficient is RG monotone
[Zamolodchikov; Cardy; Komargodski, Schwimmer; Jensen, O’Bannon; Wang]

• Defect contribution to trace anomaly

RG monotonicity
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In even dimensions trace anomaly coefficient is RG monotone
[Zamolodchikov; Cardy; Komargodski, Schwimmer; Jensen, O’Bannon; Wang]

• Defect contribution to trace anomaly

• Dilaton effective action

• Differences from bulk case

Ø No conserved defect stress tensor (vanishes for 1d DCFT)

Ø Extrinsic anomaly terms (not yet classified in 4d)

RG monotonicity
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In even dimensions trace anomaly coefficient is RG monotone
[Zamolodchikov; Cardy; Komargodski, Schwimmer; Jensen, O’Bannon; Wang]

• Defect contribution to trace anomaly

• Dilaton effective action

• Differences from bulk case

Ø No conserved defect stress tensor (vanishes for 1d DCFT)

Ø Extrinsic anomaly terms (not yet classified in 4d)

Spherical 2d defects provide another avenue to monotonicity [Sinha’s talk]

RG monotonicity
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Entanglement entropy also provides a count of dofs

• Equivalent to sphere partition function
[Casini, Huerta, Myers]

• Inequalities indicate proof method: SSA, QNEC
[Lieb, Ruskai; Bousso et al.; Balakrishnan et al.; Casini, Huerta; Casini, Testé, Torroba]

RG monotonicity from entanglement entropy
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Entanglement entropy also provides a count of dofs

• Equivalent to sphere partition function
[Casini, Huerta, Myers]

• Inequalities indicate proof method: SSA, QNEC
[Lieb, Ruskai; Bousso et al.; Balakrishnan et al.; Casini, Huerta; Casini, Testé, Torroba]

• Incorporating a line defect
[Affleck, Ludwig; Lewkowycz, Maldacena]

• Improved construction
[Casini, Landea, Torroba]

Relative entropy to be evaluated on the light cone, where CFT 
vacuum has Markov property

RG monotonicity from entanglement entropy
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• Construction eliminates term

RG monotonicity from entanglement entropy
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• Construction eliminates term

• Positivity of relative entropy gives 

RG monotonicity follows from monotonicity of 

RG monotonicity from entanglement entropy
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<latexit sha1_base64="W27GOKVNjgrxgneWIFxV4bPwq/4=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAInsJuEPUY0IPHCOYByRJmJ73JkNmHM7NCXPIlXjwo4tVP8ebfOEn2oIkFDUVVN91dfiK40o7zbRXW1jc2t4rbpZ3dvf2yfXDYUnEqGTZZLGLZ8alCwSNsaq4FdhKJNPQFtv3x9cxvP6JUPI7u9SRBL6TDiAecUW2kvl3u3aDQlPikN8QH4vTtilN15iCrxM1JBXI0+vZXbxCzNMRIM0GV6rpOor2MSs2ZwGmplypMKBvTIXYNjWiIysvmh0/JqVEGJIilqUiTufp7IqOhUpPQN50h1SO17M3E/7xuqoMrL+NRkmqM2GJRkAqiYzJLgQy4RKbFxBDKJDe3EjaikjJtsiqZENzll1dJq1Z1L6ru3XmlXsvjKMIxnMAZuHAJdbiFBjSBQQrP8Apv1pP1Yr1bH4vWgpXPHMEfWJ8/G5KSCA==</latexit>

�b � 0

<latexit sha1_base64="HaSLjBQfykWL39X3CBRjRI2RSfs=">AAACFnicbVDLSgMxFM3Ud31VXboJFkEXlpki6lJw47I+2gqdMmTSOzOhmQfJHbEM/Qo3/oobF4q4FXf+jelj4etA4OSce0ju8TMpNNr2p1WamZ2bX1hcKi+vrK6tVzY2WzrNFYcmT2WqbnymQYoEmihQwk2mgMW+hLbfPxv57VtQWqTJNQ4y6MYsTEQgOEMjeZWDK89FuMNCgRy6EgLcc1WUepeuSSF1tQhjZm5KhBHue5WqXbPHoH+JMyVVMkXDq3y4vZTnMSTIJdO649gZdgumUHAJw7Kba8gY77MQOoYmLAbdLcZrDemuUXo0SJU5CdKx+j1RsFjrQeybyZhhpH97I/E/r5NjcNItRJLlCAmfPBTkkmJKRx3RnlDAUQ4MYVwJ81fKI6YYR9Nk2ZTg/F75L2nVa85Rzbk4rJ7Wp3Uskm2yQ/aIQ47JKTknDdIknNyTR/JMXqwH68l6td4moyVrmtkiP2C9fwEzyp/0</latexit>

Srel (⇢R|�R)



• Construction eliminates term

• Positivity of relative entropy gives 

RG monotonicity follows from monotonicity of 

• For higher d, requires monotonicity + QNEC applied to boosted spheres

Key equation

RG monotonicity from entanglement entropy
<latexit sha1_base64="+1spfz26SjYypP/p2ogh7SWH7o4=">AAACDXicbVBNS8NAEJ34WetX1KOXxSp4KkkR9VjQg8cK/YImhM120y7dbMLuRiihf8CLf8WLB0W8evfmv3Hb5qCtDwYe780wMy9MOVPacb6tldW19Y3N0lZ5e2d3b98+OGyrJJOEtkjCE9kNsaKcCdrSTHPaTSXFcchpJxzdTP3OA5WKJaKpxyn1YzwQLGIEayMF9inymNDI41gMOEXNIPc0zqY1QZ6cicFtYFecqjMDWiZuQSpQoBHYX14/IVlMhSYcK9VznVT7OZaaEU4nZS9TNMVkhAe0Z6jAMVV+Pvtmgs6M0kdRIk2Z02bq74kcx0qN49B0xlgP1aI3Ff/zepmOrv2ciTTTVJD5oijjSCdoGg3qM0mJ5mNDMJHM3IrIEEtMtAmwbEJwF19eJu1a1b2suvcXlXqtiKMEx3AC5+DCFdThDhrQAgKP8Ayv8GY9WS/Wu/Uxb12xipkj+APr8wfq+5tu</latexit>Z
hT⌧⌧ iD

<latexit sha1_base64="4lXhj3TRZ4oHHyvJtbewKVBxdgw="></latexit>

Srel (⇢R|�R) =

(
0 + . . . R ⌧ 1/µ

bUV � bIR + . . . R � 1/µ

<latexit sha1_base64="W27GOKVNjgrxgneWIFxV4bPwq/4=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAInsJuEPUY0IPHCOYByRJmJ73JkNmHM7NCXPIlXjwo4tVP8ebfOEn2oIkFDUVVN91dfiK40o7zbRXW1jc2t4rbpZ3dvf2yfXDYUnEqGTZZLGLZ8alCwSNsaq4FdhKJNPQFtv3x9cxvP6JUPI7u9SRBL6TDiAecUW2kvl3u3aDQlPikN8QH4vTtilN15iCrxM1JBXI0+vZXbxCzNMRIM0GV6rpOor2MSs2ZwGmplypMKBvTIXYNjWiIysvmh0/JqVEGJIilqUiTufp7IqOhUpPQN50h1SO17M3E/7xuqoMrL+NRkmqM2GJRkAqiYzJLgQy4RKbFxBDKJDe3EjaikjJtsiqZENzll1dJq1Z1L6ru3XmlXsvjKMIxnMAZuHAJdbiFBjSBQQrP8Apv1pP1Yr1bH4vWgpXPHMEfWJ8/G5KSCA==</latexit>

�b � 0

<latexit sha1_base64="HaSLjBQfykWL39X3CBRjRI2RSfs=">AAACFnicbVDLSgMxFM3Ud31VXboJFkEXlpki6lJw47I+2gqdMmTSOzOhmQfJHbEM/Qo3/oobF4q4FXf+jelj4etA4OSce0ju8TMpNNr2p1WamZ2bX1hcKi+vrK6tVzY2WzrNFYcmT2WqbnymQYoEmihQwk2mgMW+hLbfPxv57VtQWqTJNQ4y6MYsTEQgOEMjeZWDK89FuMNCgRy6EgLcc1WUepeuSSF1tQhjZm5KhBHue5WqXbPHoH+JMyVVMkXDq3y4vZTnMSTIJdO649gZdgumUHAJw7Kba8gY77MQOoYmLAbdLcZrDemuUXo0SJU5CdKx+j1RsFjrQeybyZhhpH97I/E/r5NjcNItRJLlCAmfPBTkkmJKRx3RnlDAUQ4MYVwJ81fKI6YYR9Nk2ZTg/F75L2nVa85Rzbk4rJ7Wp3Uskm2yQ/aIQ47JKTknDdIknNyTR/JMXqwH68l6td4moyVrmtkiP2C9fwEzyp/0</latexit>

Srel (⇢R|�R)

<latexit sha1_base64="W27GOKVNjgrxgneWIFxV4bPwq/4=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAInsJuEPUY0IPHCOYByRJmJ73JkNmHM7NCXPIlXjwo4tVP8ebfOEn2oIkFDUVVN91dfiK40o7zbRXW1jc2t4rbpZ3dvf2yfXDYUnEqGTZZLGLZ8alCwSNsaq4FdhKJNPQFtv3x9cxvP6JUPI7u9SRBL6TDiAecUW2kvl3u3aDQlPikN8QH4vTtilN15iCrxM1JBXI0+vZXbxCzNMRIM0GV6rpOor2MSs2ZwGmplypMKBvTIXYNjWiIysvmh0/JqVEGJIilqUiTufp7IqOhUpPQN50h1SO17M3E/7xuqoMrL+NRkmqM2GJRkAqiYzJLgQy4RKbFxBDKJDe3EjaikjJtsiqZENzll1dJq1Z1L6ru3XmlXsvjKMIxnMAZuHAJdbiFBjSBQQrP8Apv1pP1Yr1bH4vWgpXPHMEfWJ8/G5KSCA==</latexit>

�b � 0

<latexit sha1_base64="xZ9cyE5EhNk967vYmerTXKsS60A=">AAACGnicbVDLSgNBEJz1bXytevQyGCQJaNhVUY+CF48xmgdkQ5iddOLg7MOZXjEs+Q4v/ooXD4p4Ey/+jZOYgyYWNBRV3XR3+bEUGh3ny5qanpmdm19YzCwtr6yu2esbVR0likOFRzJSdZ9pkCKECgqUUI8VsMCXUPNvzgZ+7Q6UFlF4hb0YmgHrhqIjOEMjtWy37O1e5nItD+EeUwWyny8X9vLtvYMCvRyTvS7cUqdlZ52iMwSdJO6IZMkIpZb94bUjngQQIpdM64brxNhMmULBJfQzXqIhZvyGdaFhaMgC0M10+Fqf7hilTTuRMhUiHaq/J1IWaN0LfNMZMLzW495A/M9rJNg5aaYijBOEkP8s6iSSYkQHOdG2UMBR9gxhXAlzK+XXTDGOJs2MCcEdf3mSVPeL7lHRvTjMnu6P4lggW2Sb5IlLjskpOSclUiGcPJAn8kJerUfr2Xqz3n9ap6zRzCb5A+vzG1Zlnoc=</latexit>

RS00
rel(R)� (d� 3)S0

rel(R) � 0



• Construction eliminates term

• Positivity of relative entropy gives 

RG monotonicity follows from monotonicity of 

• For higher d, requires monotonicity + QNEC applied to boosted spheres

Key equation

• For d=D this proves c-theorems for bulk RG flows

For d>4 would need more derivatives, but such
entropy inequalities are currently not known

RG monotonicity from entanglement entropy
<latexit sha1_base64="+1spfz26SjYypP/p2ogh7SWH7o4=">AAACDXicbVBNS8NAEJ34WetX1KOXxSp4KkkR9VjQg8cK/YImhM120y7dbMLuRiihf8CLf8WLB0W8evfmv3Hb5qCtDwYe780wMy9MOVPacb6tldW19Y3N0lZ5e2d3b98+OGyrJJOEtkjCE9kNsaKcCdrSTHPaTSXFcchpJxzdTP3OA5WKJaKpxyn1YzwQLGIEayMF9inymNDI41gMOEXNIPc0zqY1QZ6cicFtYFecqjMDWiZuQSpQoBHYX14/IVlMhSYcK9VznVT7OZaaEU4nZS9TNMVkhAe0Z6jAMVV+Pvtmgs6M0kdRIk2Z02bq74kcx0qN49B0xlgP1aI3Ff/zepmOrv2ciTTTVJD5oijjSCdoGg3qM0mJ5mNDMJHM3IrIEEtMtAmwbEJwF19eJu1a1b2suvcXlXqtiKMEx3AC5+DCFdThDhrQAgKP8Ayv8GY9WS/Wu/Uxb12xipkj+APr8wfq+5tu</latexit>Z
hT⌧⌧ iD

<latexit sha1_base64="4lXhj3TRZ4oHHyvJtbewKVBxdgw="></latexit>

Srel (⇢R|�R) =

(
0 + . . . R ⌧ 1/µ

bUV � bIR + . . . R � 1/µ

<latexit sha1_base64="W27GOKVNjgrxgneWIFxV4bPwq/4=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAInsJuEPUY0IPHCOYByRJmJ73JkNmHM7NCXPIlXjwo4tVP8ebfOEn2oIkFDUVVN91dfiK40o7zbRXW1jc2t4rbpZ3dvf2yfXDYUnEqGTZZLGLZ8alCwSNsaq4FdhKJNPQFtv3x9cxvP6JUPI7u9SRBL6TDiAecUW2kvl3u3aDQlPikN8QH4vTtilN15iCrxM1JBXI0+vZXbxCzNMRIM0GV6rpOor2MSs2ZwGmplypMKBvTIXYNjWiIysvmh0/JqVEGJIilqUiTufp7IqOhUpPQN50h1SO17M3E/7xuqoMrL+NRkmqM2GJRkAqiYzJLgQy4RKbFxBDKJDe3EjaikjJtsiqZENzll1dJq1Z1L6ru3XmlXsvjKMIxnMAZuHAJdbiFBjSBQQrP8Apv1pP1Yr1bH4vWgpXPHMEfWJ8/G5KSCA==</latexit>

�b � 0

<latexit sha1_base64="HaSLjBQfykWL39X3CBRjRI2RSfs=">AAACFnicbVDLSgMxFM3Ud31VXboJFkEXlpki6lJw47I+2gqdMmTSOzOhmQfJHbEM/Qo3/oobF4q4FXf+jelj4etA4OSce0ju8TMpNNr2p1WamZ2bX1hcKi+vrK6tVzY2WzrNFYcmT2WqbnymQYoEmihQwk2mgMW+hLbfPxv57VtQWqTJNQ4y6MYsTEQgOEMjeZWDK89FuMNCgRy6EgLcc1WUepeuSSF1tQhjZm5KhBHue5WqXbPHoH+JMyVVMkXDq3y4vZTnMSTIJdO649gZdgumUHAJw7Kba8gY77MQOoYmLAbdLcZrDemuUXo0SJU5CdKx+j1RsFjrQeybyZhhpH97I/E/r5NjcNItRJLlCAmfPBTkkmJKRx3RnlDAUQ4MYVwJ81fKI6YYR9Nk2ZTg/F75L2nVa85Rzbk4rJ7Wp3Uskm2yQ/aIQ47JKTknDdIknNyTR/JMXqwH68l6td4moyVrmtkiP2C9fwEzyp/0</latexit>

Srel (⇢R|�R)

<latexit sha1_base64="W27GOKVNjgrxgneWIFxV4bPwq/4=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAInsJuEPUY0IPHCOYByRJmJ73JkNmHM7NCXPIlXjwo4tVP8ebfOEn2oIkFDUVVN91dfiK40o7zbRXW1jc2t4rbpZ3dvf2yfXDYUnEqGTZZLGLZ8alCwSNsaq4FdhKJNPQFtv3x9cxvP6JUPI7u9SRBL6TDiAecUW2kvl3u3aDQlPikN8QH4vTtilN15iCrxM1JBXI0+vZXbxCzNMRIM0GV6rpOor2MSs2ZwGmplypMKBvTIXYNjWiIysvmh0/JqVEGJIilqUiTufp7IqOhUpPQN50h1SO17M3E/7xuqoMrL+NRkmqM2GJRkAqiYzJLgQy4RKbFxBDKJDe3EjaikjJtsiqZENzll1dJq1Z1L6ru3XmlXsvjKMIxnMAZuHAJdbiFBjSBQQrP8Apv1pP1Yr1bH4vWgpXPHMEfWJ8/G5KSCA==</latexit>

�b � 0

<latexit sha1_base64="xZ9cyE5EhNk967vYmerTXKsS60A=">AAACGnicbVDLSgNBEJz1bXytevQyGCQJaNhVUY+CF48xmgdkQ5iddOLg7MOZXjEs+Q4v/ooXD4p4Ey/+jZOYgyYWNBRV3XR3+bEUGh3ny5qanpmdm19YzCwtr6yu2esbVR0likOFRzJSdZ9pkCKECgqUUI8VsMCXUPNvzgZ+7Q6UFlF4hb0YmgHrhqIjOEMjtWy37O1e5nItD+EeUwWyny8X9vLtvYMCvRyTvS7cUqdlZ52iMwSdJO6IZMkIpZb94bUjngQQIpdM64brxNhMmULBJfQzXqIhZvyGdaFhaMgC0M10+Fqf7hilTTuRMhUiHaq/J1IWaN0LfNMZMLzW495A/M9rJNg5aaYijBOEkP8s6iSSYkQHOdG2UMBR9gxhXAlzK+XXTDGOJs2MCcEdf3mSVPeL7lHRvTjMnu6P4lggW2Sb5IlLjskpOSclUiGcPJAn8kJerUfr2Xqz3n9ap6zRzCb5A+vzG1Zlnoc=</latexit>

RS00
rel(R)� (d� 3)S0

rel(R) � 0



Outline

RG monotonicity

Examples

Conclusions and the future

Introduction



External field defect

• Integrate bulk operator on a line

If , relevant perturbation of trivial line

Applications

<latexit sha1_base64="+weSmODbmPU8IybfPCPBPewGBzY=">AAACEHicbVA9TxtBEN2DQIgJYEhJs4qFYgqsOwsFSiSadAEJf0g+y5pbz9krdvdOu3MI6+SfQMNfoaEIQrSU6fJvsjYuCORJIz29N6OZeUmupKMw/BMsLX9YWf249qmy/nljc6u6vdN2WWEFtkSmMttNwKGSBlskSWE3twg6UdhJLk9nfucKrZOZuaBJjn0NIyNTKYC8NKh+i/E6jxWmVD8Yx9LQIB6B1sDLWIDiP6exlaMx7Q+qtbARzsHfk2hBamyBs0H1dzzMRKHRkFDgXC8Kc+qXYEkKhdNKXDjMQVzCCHueGtDo+uX8oSnf88qQp5n1ZYjP1dcTJWjnJjrxnRpo7N56M/F/Xq+g9LhfSpMXhEa8LEoLxSnjs3T4UFoUpCaegLDS38rFGCwI8hlWfAjR25ffk3azEX1vROeHtZPmIo41tsu+sjqL2BE7YT/YGWsxwW7YHfvFHoLb4D54DJ5eWpeCxcwX9g+C579G6pyv</latexit>

exp

✓
�h

Z
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◆

<latexit sha1_base64="ziDY60a8/BVgd/I0GzK4IKmjpj4=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5IUUQ8eCnrwZgX7AU0Im+22XbrZhN2NUmJ/ihcPinj1l3jz37htc9DWBwOP92aYmRcmnCntON9WYWV1bX2juFna2t7Z3bPL+y0Vp5LQJol5LDshVpQzQZuaaU47iaQ4Cjlth6Orqd9+oFKxWNzrcUL9CA8E6zOCtZECu+xdU65xkHkEc3Q7uXQDu+JUnRnQMnFzUoEcjcD+8noxSSMqNOFYqa7rJNrPsNSMcDopeamiCSYjPKBdQwWOqPKz2ekTdGyUHurH0pTQaKb+nshwpNQ4Ck1nhPVQLXpT8T+vm+r+hZ8xkaSaCjJf1E850jGa5oB6TFKi+dgQTCQztyIyxBITbdIqmRDcxZeXSatWdc+q7t1ppV7L4yjCIRzBCbhwDnW4gQY0gcAjPMMrvFlP1ov1bn3MWwtWPnMAf2B9/gBH6JNQ</latexit>

�O < 1



External field defect

• Integrate bulk operator on a line

If , relevant perturbation of trivial line

• RG monotonicity: can’t flow to trivial or topological line DCFT (or runaway)

Applications

<latexit sha1_base64="+weSmODbmPU8IybfPCPBPewGBzY=">AAACEHicbVA9TxtBEN2DQIgJYEhJs4qFYgqsOwsFSiSadAEJf0g+y5pbz9krdvdOu3MI6+SfQMNfoaEIQrSU6fJvsjYuCORJIz29N6OZeUmupKMw/BMsLX9YWf249qmy/nljc6u6vdN2WWEFtkSmMttNwKGSBlskSWE3twg6UdhJLk9nfucKrZOZuaBJjn0NIyNTKYC8NKh+i/E6jxWmVD8Yx9LQIB6B1sDLWIDiP6exlaMx7Q+qtbARzsHfk2hBamyBs0H1dzzMRKHRkFDgXC8Kc+qXYEkKhdNKXDjMQVzCCHueGtDo+uX8oSnf88qQp5n1ZYjP1dcTJWjnJjrxnRpo7N56M/F/Xq+g9LhfSpMXhEa8LEoLxSnjs3T4UFoUpCaegLDS38rFGCwI8hlWfAjR25ffk3azEX1vROeHtZPmIo41tsu+sjqL2BE7YT/YGWsxwW7YHfvFHoLb4D54DJ5eWpeCxcwX9g+C579G6pyv</latexit>

exp

✓
�h

Z

�
O

◆

<latexit sha1_base64="ziDY60a8/BVgd/I0GzK4IKmjpj4=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5IUUQ8eCnrwZgX7AU0Im+22XbrZhN2NUmJ/ihcPinj1l3jz37htc9DWBwOP92aYmRcmnCntON9WYWV1bX2juFna2t7Z3bPL+y0Vp5LQJol5LDshVpQzQZuaaU47iaQ4Cjlth6Orqd9+oFKxWNzrcUL9CA8E6zOCtZECu+xdU65xkHkEc3Q7uXQDu+JUnRnQMnFzUoEcjcD+8noxSSMqNOFYqa7rJNrPsNSMcDopeamiCSYjPKBdQwWOqPKz2ekTdGyUHurH0pTQaKb+nshwpNQ4Ck1nhPVQLXpT8T+vm+r+hZ8xkaSaCjJf1E850jGa5oB6TFKi+dgQTCQztyIyxBITbdIqmRDcxZeXSatWdc+q7t1ppV7L4yjCIRzBCbhwDnW4gQY0gcAjPMMrvFlP1ov1bn3MWwtWPnMAf2B9/gBH6JNQ</latexit>

�O < 1



External field defect

• Integrate bulk operator on a line

If , relevant perturbation of trivial line

• RG monotonicity: can’t flow to trivial or topological line DCFT (or runaway)

• E.g:   in O(N) Wilson-Fischer CFT

DCFT saddle point at large N
[Cuomo, Komargodski, Mezei]

Applications

<latexit sha1_base64="+weSmODbmPU8IybfPCPBPewGBzY=">AAACEHicbVA9TxtBEN2DQIgJYEhJs4qFYgqsOwsFSiSadAEJf0g+y5pbz9krdvdOu3MI6+SfQMNfoaEIQrSU6fJvsjYuCORJIz29N6OZeUmupKMw/BMsLX9YWf249qmy/nljc6u6vdN2WWEFtkSmMttNwKGSBlskSWE3twg6UdhJLk9nfucKrZOZuaBJjn0NIyNTKYC8NKh+i/E6jxWmVD8Yx9LQIB6B1sDLWIDiP6exlaMx7Q+qtbARzsHfk2hBamyBs0H1dzzMRKHRkFDgXC8Kc+qXYEkKhdNKXDjMQVzCCHueGtDo+uX8oSnf88qQp5n1ZYjP1dcTJWjnJjrxnRpo7N56M/F/Xq+g9LhfSpMXhEa8LEoLxSnjs3T4UFoUpCaegLDS38rFGCwI8hlWfAjR25ffk3azEX1vROeHtZPmIo41tsu+sjqL2BE7YT/YGWsxwW7YHfvFHoLb4D54DJ5eWpeCxcwX9g+C579G6pyv</latexit>

exp

✓
�h

Z

�
O

◆

<latexit sha1_base64="ziDY60a8/BVgd/I0GzK4IKmjpj4=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5IUUQ8eCnrwZgX7AU0Im+22XbrZhN2NUmJ/ihcPinj1l3jz37htc9DWBwOP92aYmRcmnCntON9WYWV1bX2juFna2t7Z3bPL+y0Vp5LQJol5LDshVpQzQZuaaU47iaQ4Cjlth6Orqd9+oFKxWNzrcUL9CA8E6zOCtZECu+xdU65xkHkEc3Q7uXQDu+JUnRnQMnFzUoEcjcD+8noxSSMqNOFYqa7rJNrPsNSMcDopeamiCSYjPKBdQwWOqPKz2ekTdGyUHurH0pTQaKb+nshwpNQ4Ck1nhPVQLXpT8T+vm+r+hZ8xkaSaCjJf1E850jGa5oB6TFKi+dgQTCQztyIyxBITbdIqmRDcxZeXSatWdc+q7t1ppV7L4yjCIRzBCbhwDnW4gQY0gcAjPMMrvFlP1ov1bn3MWwtWPnMAf2B9/gBH6JNQ</latexit>

�O < 1

<latexit sha1_base64="W1lV9pbJS4g7OgF2RlJRrIOC62A=">AAACF3icbVDJSgNBEO1xjXGLevTSGIQENMyIqMeAF48RjAbSQ+jp1GQaexa6a8Qw+Bde/BUvHhTxqjf/xs5ycHvQ8Pq9KqrqBZmSBl3305mZnZtfWCwtlZdXVtfWKxublybNtYC2SFWqOwE3oGQCbZSooJNp4HGg4Cq4Ph35VzegjUyTCxxm4Md8kMhQCo5W6lUaDG4zpiDE2n7EZIK0z5DnbI+yLJI9rzb67bl1puUgwnqvUnUb7hj0L/GmpEqmaPUqH6yfijyGBIXixnQ9N0O/4BqlUHBXZrmBjItrPoCupQmPwfjF+K47umuVPg1TbZ/dbKx+7yh4bMwwDmxlzDEyv72R+J/XzTE88QuZZDlCIiaDwlxRTOkoJNqXGgSqoSVcaGl3pSLimgu0UZZtCN7vk/+Sy4OGd9Twzg+rzYNpHCWyTXZIjXjkmDTJGWmRNhHknjySZ/LiPDhPzqvzNimdcaY9W+QHnPcv8DOedg==</latexit>
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External field defect

• Integrate bulk operator on a line

If , relevant perturbation of trivial line

• RG monotonicity: can’t flow to trivial or topological line DCFT (or runaway)

• E.g:   in O(N) Wilson-Fischer CFT

DCFT saddle point at large N
[Cuomo, Komargodski, Mezei]

Marginal tilt operator rotates the external field

Long DRG flow: 

Consistent with     - expansion, 2d Ising interface, Monte Carlo
[Allais, Sachdev; Cuomo, Komargodski, Mezei; Assaad, Herbut; Allais; Toldin, Assaad, Wessel]
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External field defects in other models

• Closed set of Schwinger-Dyson equations
for one-point functions in melonic theories
[Popov, Wang]

melonic tree

External field defects

The localized magnetic defect explicitly breaks the bulk O(N)3 global symmetry to an

O(N − 1)3 subgroup along the defect world-volume. Since the symmetry is unbroken in the

bulk, we can re-orient the tensor field in the O(N)3 directions such that the magnetic cou-

pling is with the φ111 component. This defect coupling changes qualitatively the correlation

functions of local operators built out of φabc due to additional Feynman diagrams that can an-

chor on the defect, in particular leading to a nontrivial one-point function 〈φ111(x)〉Dp which

otherwise vanishes in the absence of the defect. Note that because of the residual O(N −1)3

symmetry, the defect one-point function 〈φabc(x)〉Dp is zero unless a = b = c = 1. The main

goal here is to study such nontrivial defect correlation functions at the non-perturbative level

and we summarize the main results below.

1.3 Summary of the main results

〈φ111〉Dp

J JJJJ JJJJJJ JJ J J JJ J J J J JJ JJ JJ

Figure 1: The contribution to the one-point function 〈φ111(x)〉Dp
comes only from the

tree diagrams, where each edge is the exact propagator (containing nested melons) of the
tensor model in the large N limit (1.4).

While it is straightforward to compute a few of these Feynman diagrams at leading

orders in the λT and J̄111 expansion for the one-point function 〈φ111(x)〉Dp, it may seem

a formidable task to obtain the nonperturbative answer which requires summing infinitely

many diagrams. The success of the melonic tensor model without defects motivates us to

look for a generalization of the large N limit thereof to the case with defects. Indeed, from

we will work with general 1 ≤ p < d. This is possible because in our large N limit (1.4), the defect problem
is reduced to solving a partial differential equation (from the Schwinger-Dyson equation) with a fractional
Laplacian in the transverse directions of order d

2
.

5



External field defects in other models

• Closed set of Schwinger-Dyson equations
for one-point functions in melonic theories
[Popov, Wang]

melonic tree

• In Gross-Neveu-Yukawa model , can deform trivial line
[Giombi, Helfenberger, Khanchandani]

External field defects

The localized magnetic defect explicitly breaks the bulk O(N)3 global symmetry to an

O(N − 1)3 subgroup along the defect world-volume. Since the symmetry is unbroken in the

bulk, we can re-orient the tensor field in the O(N)3 directions such that the magnetic cou-

pling is with the φ111 component. This defect coupling changes qualitatively the correlation

functions of local operators built out of φabc due to additional Feynman diagrams that can an-

chor on the defect, in particular leading to a nontrivial one-point function 〈φ111(x)〉Dp which

otherwise vanishes in the absence of the defect. Note that because of the residual O(N −1)3

symmetry, the defect one-point function 〈φabc(x)〉Dp is zero unless a = b = c = 1. The main

goal here is to study such nontrivial defect correlation functions at the non-perturbative level

and we summarize the main results below.

1.3 Summary of the main results

〈φ111〉Dp

J JJJJ JJJJJJ JJ J J JJ J J J J JJ JJ JJ

Figure 1: The contribution to the one-point function 〈φ111(x)〉Dp
comes only from the

tree diagrams, where each edge is the exact propagator (containing nested melons) of the
tensor model in the large N limit (1.4).

While it is straightforward to compute a few of these Feynman diagrams at leading

orders in the λT and J̄111 expansion for the one-point function 〈φ111(x)〉Dp, it may seem

a formidable task to obtain the nonperturbative answer which requires summing infinitely

many diagrams. The success of the melonic tensor model without defects motivates us to

look for a generalization of the large N limit thereof to the case with defects. Indeed, from

we will work with general 1 ≤ p < d. This is possible because in our large N limit (1.4), the defect problem
is reduced to solving a partial differential equation (from the Schwinger-Dyson equation) with a fractional
Laplacian in the transverse directions of order d
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External field defect

• models turning on magnetic field for a couple of lattice sites

Applications
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External field defect

• models turning on magnetic field for a couple of lattice sites

Impurity: new degrees of freedom at the defect
[Kondo; Wilson; Sengupta; Sachdev Buragohain Vojta; …]

Applications
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Impurity: new degrees of freedom at the defect

• Natural setup O(3) CFT coupled to spin-1/2 impurity

• Variants: O(N) model coupled to impurity in spinor rep.
sigma model coupled to impurity 

in O(N) spinor rep.
… [Liu, Shapurian, Vishwanath, Metlitski]
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Impurity: new degrees of freedom at the defect

• Natural setup O(3) CFT coupled to spin-1/2 impurity

• Variants: O(N) model coupled to impurity in spinor rep.
sigma model coupled to impurity 

in O(N) spinor rep.
… [Liu, Shapurian, Vishwanath, Metlitski]

• O(3) model coupled to spin-s impurity
[Cuomo, Komargodski, Mezei, Raviv-Moshe]
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Impurity: new degrees of freedom at the defect

• Natural setup O(3) CFT coupled to spin-1/2 impurity

• Variants: O(N) model coupled to impurity in spinor rep.
sigma model coupled to impurity 

in O(N) spinor rep.
… [Liu, Shapurian, Vishwanath, Metlitski]

• O(3) model coupled to spin-s impurity
[Cuomo, Komargodski, Mezei, Raviv-Moshe]

1/s expansion: impurity spin is slow

averaging over ext. field direction ext. field defect free spin s interactions fixed by sym.

Applications
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Boundary universality in the 3d O(N) CFT
[Metlitski; Toldin; Gliozzi, Liendo, Meineri, Rago; Padayasi, Krishnan, Metlitski, Gruzberg, Meineri]
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Figure 1: The geometry of the boundary defect (left) and plane defect (right) for the 3d O(N) model.

1 Introduction

Recent interest in the physics of boundaries and defects has been driven in part by the field of topo-
logical phases, in which such defects often expose protected modes. While the implications of bulk
topological physics for defect modes are well-understood for a gapped bulk, less is known about be-
havior of defects and boundaries in the presence of a critical bulk. Even in the classical 3d O(N)
model, the phase diagram in the presence of a boundary or defect is not fully settled.[1]

Let us briefly review recent developments in the boundary physics of the 3d O(N) model. Consider
a system of classical N -component spins ~Si of length one on sites of a semi-infinite 3d cubic lattice
coupled via the nearest neighbour interaction

�H = �
X

hiji

Kij
~Si · ~Sj . (1.1)

If both sites i and j belong to the surface layer, we set Kij = K1, otherwise, Kij = K (see Fig. 1,
left). For N = 1, 2 the boundary phase diagram has the schematic shape shown in Fig. 2, left. When
the system is tuned to the bulk critical point K = Kc it admits three boundary universality classes:

• the “ordinary” universality class, where the bulk and boundary order at the same bulk coupling,

• the “extraordinary” universality class, where the onset of bulk order occurs in the presence of
(quasi) long-range boundary order,

• the “special” universality class, the multicritical point in Fig. 2, left.

The presence of a (quasi)long-range ordered boundary phase for K < Kc and large K1/K mandates
the existence of these three classes.

For N > 2, the boundary has a finite correlation length for K < Kc. Thus, the existence of
a separate extraordinary boundary universality class is not required. Nevertheless, per Ref. [1], the
extraordinary boundary universality class actually survives in the range 2 < N < Nc, where the
phase diagram has the shape in Fig. 2, right. Here, Nc > 2 is an a priori unknown critical value of
N . Furthermore, in the range 2  N < Nc the extraordinary universality class has a boundary spin
correlation function that falls o↵ as

h~Sx · ~Syi ⇠ 1

(log |x � y|)q
, (1.2)

with q(N) a universal power. Thus, in this range of N the extraordinary boundary universality
class is labeled as “extraordinary-log”. The universal properties of this class, including the power q
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logical phases, in which such defects often expose protected modes. While the implications of bulk
topological physics for defect modes are well-understood for a gapped bulk, less is known about be-
havior of defects and boundaries in the presence of a critical bulk. Even in the classical 3d O(N)
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• the “extraordinary” universality class, where the onset of bulk order occurs in the presence of
(quasi) long-range boundary order,

• the “special” universality class, the multicritical point in Fig. 2, left.

The presence of a (quasi)long-range ordered boundary phase for K < Kc and large K1/K mandates
the existence of these three classes.

For N > 2, the boundary has a finite correlation length for K < Kc. Thus, the existence of
a separate extraordinary boundary universality class is not required. Nevertheless, per Ref. [1], the
extraordinary boundary universality class actually survives in the range 2 < N < Nc, where the
phase diagram has the shape in Fig. 2, right. Here, Nc > 2 is an a priori unknown critical value of
N . Furthermore, in the range 2  N < Nc the extraordinary universality class has a boundary spin
correlation function that falls o↵ as
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Novelty: existence of DCFT/BCFT was a dynamical question in O(N) CFT

• The existence of conformal Wilson and ‘t Hooft lines is also
a dynamical question

[Aharony, Cuomo, Komargodski, Mezei, Raviv-Moshe; Shytov, Katsnelson, Levitov]
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Figure 1: The geometry of the boundary defect (left) and plane defect (right) for the 3d O(N) model.

1 Introduction

Recent interest in the physics of boundaries and defects has been driven in part by the field of topo-
logical phases, in which such defects often expose protected modes. While the implications of bulk
topological physics for defect modes are well-understood for a gapped bulk, less is known about be-
havior of defects and boundaries in the presence of a critical bulk. Even in the classical 3d O(N)
model, the phase diagram in the presence of a boundary or defect is not fully settled.[1]

Let us briefly review recent developments in the boundary physics of the 3d O(N) model. Consider
a system of classical N -component spins ~Si of length one on sites of a semi-infinite 3d cubic lattice
coupled via the nearest neighbour interaction

�H = �
X

hiji

Kij
~Si · ~Sj . (1.1)

If both sites i and j belong to the surface layer, we set Kij = K1, otherwise, Kij = K (see Fig. 1,
left). For N = 1, 2 the boundary phase diagram has the schematic shape shown in Fig. 2, left. When
the system is tuned to the bulk critical point K = Kc it admits three boundary universality classes:

• the “ordinary” universality class, where the bulk and boundary order at the same bulk coupling,

• the “extraordinary” universality class, where the onset of bulk order occurs in the presence of
(quasi) long-range boundary order,

• the “special” universality class, the multicritical point in Fig. 2, left.

The presence of a (quasi)long-range ordered boundary phase for K < Kc and large K1/K mandates
the existence of these three classes.

For N > 2, the boundary has a finite correlation length for K < Kc. Thus, the existence of
a separate extraordinary boundary universality class is not required. Nevertheless, per Ref. [1], the
extraordinary boundary universality class actually survives in the range 2 < N < Nc, where the
phase diagram has the shape in Fig. 2, right. Here, Nc > 2 is an a priori unknown critical value of
N . Furthermore, in the range 2  N < Nc the extraordinary universality class has a boundary spin
correlation function that falls o↵ as

h~Sx · ~Syi ⇠ 1

(log |x � y|)q
, (1.2)

with q(N) a universal power. Thus, in this range of N the extraordinary boundary universality
class is labeled as “extraordinary-log”. The universal properties of this class, including the power q
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Novelty: existence of DCFT/BCFT was a dynamical question in O(N) CFT

• The existence of conformal Wilson and ‘t Hooft lines is also
a dynamical question

[Aharony, Cuomo, Komargodski, Mezei, Raviv-Moshe; Shytov, Katsnelson, Levitov]

• WL in QED4

CFT in double scaling limit 

Similar double scaling limits
[Badel, Cuomo, Monin, Rattazzi; Rodriguez-Gomez; Rogriduez-Gomez, Russo; …]

• Large anomalous dimension for the defect operator

Wilson lines

K

K1

Boundary Defect

K

K1

Plane Defect

Figure 1: The geometry of the boundary defect (left) and plane defect (right) for the 3d O(N) model.

1 Introduction

Recent interest in the physics of boundaries and defects has been driven in part by the field of topo-
logical phases, in which such defects often expose protected modes. While the implications of bulk
topological physics for defect modes are well-understood for a gapped bulk, less is known about be-
havior of defects and boundaries in the presence of a critical bulk. Even in the classical 3d O(N)
model, the phase diagram in the presence of a boundary or defect is not fully settled.[1]

Let us briefly review recent developments in the boundary physics of the 3d O(N) model. Consider
a system of classical N -component spins ~Si of length one on sites of a semi-infinite 3d cubic lattice
coupled via the nearest neighbour interaction

�H = �
X

hiji

Kij
~Si · ~Sj . (1.1)

If both sites i and j belong to the surface layer, we set Kij = K1, otherwise, Kij = K (see Fig. 1,
left). For N = 1, 2 the boundary phase diagram has the schematic shape shown in Fig. 2, left. When
the system is tuned to the bulk critical point K = Kc it admits three boundary universality classes:

• the “ordinary” universality class, where the bulk and boundary order at the same bulk coupling,

• the “extraordinary” universality class, where the onset of bulk order occurs in the presence of
(quasi) long-range boundary order,

• the “special” universality class, the multicritical point in Fig. 2, left.

The presence of a (quasi)long-range ordered boundary phase for K < Kc and large K1/K mandates
the existence of these three classes.

For N > 2, the boundary has a finite correlation length for K < Kc. Thus, the existence of
a separate extraordinary boundary universality class is not required. Nevertheless, per Ref. [1], the
extraordinary boundary universality class actually survives in the range 2 < N < Nc, where the
phase diagram has the shape in Fig. 2, right. Here, Nc > 2 is an a priori unknown critical value of
N . Furthermore, in the range 2  N < Nc the extraordinary universality class has a boundary spin
correlation function that falls o↵ as

h~Sx · ~Syi ⇠ 1

(log |x � y|)q
, (1.2)

with q(N) a universal power. Thus, in this range of N the extraordinary boundary universality
class is labeled as “extraordinary-log”. The universal properties of this class, including the power q
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• Naïve WL action is fine tuned

Wilson lines
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• Naïve WL action is fine tuned

• DRG flow  

Wilson lines

!

�� !

"#$%
! ! "
&��

! '

! ! "
&��

" '

! ! "
&��

#'

<latexit sha1_base64="50jnYnWRB/v9ytYTBbx/BWAZoFI=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyxCV0OmtrXdSMGNywr2AZ2xZNK0Dc08TDJCHYq/4saFIm79D3f+jZm2gooeCBzOOZd7c7yIM6kQ+jAyS8srq2vZ9dzG5tb2jrm715JhLAhtkpCHouNhSTkLaFMxxWknEhT7Hqdtb3ye+u1bKiQLgys1iajr42HABoxgpaWeeZDQ6yK8cUIdgiUnYnB6ZvfMPLJQpVxDNYisMrKrM4JQpVo8gbYmKfJggUbPfHf6IYl9GijCsZRdG0XKTbBQjHA6zTmxpBEmYzykXU0D7FPpJrPrp/BYK304CIV+gYIz9ftEgn0pJ76nkz5WI/nbS8W/vG6sBlU3YUEUKxqQ+aJBzKEKYVoF7DNBieITTTARTN8KyQgLTJQuLKdL+Pop/J+0ipZdsezLUr5eWNSRBYfgCBSADU5BHVyABmgCAu7AA3gCz8a98Wi8GK/zaMZYzOyDHzDePgErG5RU</latexit>

e2q
4!

> 1

<latexit sha1_base64="9UEj+PcQ2TXZXRCQSup7nItOsmo=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSxCVyFJa1sXQsGNywr2AU0sk+mkHTp5ODMRaij+ihsXirj1P9z5N07aCip6YOBwzrncO8eLGRXSND+03NLyyupafr2wsbm1vaPv7rVFlHBMWjhiEe96SBBGQ9KSVDLSjTlBgcdIxxufZ37nlnBBo/BKTmLiBmgYUp9iJJXU1w9Scm3DGydSIVhxYgqnZ1ZfL5rGab1qn9jQNEyzZperGbFrFbsMLaVkKIIFmn393RlEOAlIKDFDQvQsM5ZuirikmJFpwUkEiREeoyHpKRqigAg3nV0/hcdKGUA/4uqFEs7U7xMpCoSYBJ5KBkiOxG8vE//yeon0625KwziRJMTzRX7CoIxgVgUcUE6wZBNFEOZU3QrxCHGEpSqsoEr4+in8n7Rtw6oa1mWl2Cgt6siDQ3AESsACNdAAF6AJWgCDO/AAnsCzdq89ai/a6zya0xYz++AHtLdPJYyUUA==</latexit>

e2q
4!

= 1

<latexit sha1_base64="l5slg9e1f/grNzALLwoONLvtfRo=">AAAB/XicdVDLSgMxFM34rPU1PnZugkXoqmSGUltwUXDjsoJ9QDuWTJppQzOZMckIdSj+ihsXirj1P9z5N2baCip6IHA451zuzfFjzpRG6MNaWl5ZXVvPbeQ3t7Z3du29/ZaKEklok0Q8kh0fK8qZoE3NNKedWFIc+py2/fF55rdvqVQsEld6ElMvxEPBAkawNlLfPkzptQtvepEJwXIvZnB65vTtAiohg0oFZsSpIseQWq3qujXozCyECmCBRt9+7w0ikoRUaMKxUl0HxdpLsdSMcDrN9xJFY0zGeEi7hgocUuWls+un8MQoAxhE0jyh4Uz9PpHiUKlJ6JtkiPVI/fYy8S+vm+ig6qVMxImmgswXBQmHOoJZFXDAJCWaTwzBRDJzKyQjLDHRprC8KeHrp/B/0nJLTqXkXJYL9eKijhw4AsegCBxwCurgAjRAExBwBx7AE3i27q1H68V6nUeXrMXMAfgB6+0TGGOUSA==</latexit>

e2q
4!

< 1

<latexit sha1_base64="HvxpJ9s5UHjAOSMADvUidOvoB9I="></latexit>

!
!

"ø!!
#

= 2 ±

$

1 !
e4q2

16" 2

WL = exp
%
i
&

d#
!

qA! ! g "ø!!
#'

Wilson Lines

<latexit sha1_base64="maY5H75yoLbHAJO0Qagak9JdQn8=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68diC/YA2lM120q7dbOLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LejBP0IzqQPOSMGivVH3ulsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWrX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD3ZWM+w==</latexit>q

Wilson Lines describe point probe 
charges in a representation R of the 
gauge group 

 
 
 
There is no free parameter in the defect 
action. But that DOES NOT mean that it is 
a conformal line operator for all reps!

<latexit sha1_base64="WEH+E/VAYIFVkAw4uDr4Y0xjtvE="></latexit>

W = T rR

!
Pexp

"
i
#

dxµ Aa
µ Ta

$%



• Naïve WL action is fine tuned

• DRG flow  

• New DCFT alternative quantization

• Annihilation of fixed points: 
screening of WL by pair production of 
fermions down to
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• Naïve WL action is fine tuned

• DRG flow  

• New DCFT alternative quantization

• Annihilation of fixed points: 
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Screening common feature in gauge theories

• 3d QED at large Nf
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Screening common feature in gauge theories

• 3d QED at large Nf

Check: equal mass to fermions gives
CS theory with Nf WLs

In UV we have just enough 1.12Nf distinct WLs
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Fig. 2. We plot E (q/N f ) for large Nf . The red line represents the linear approximation E = 4q
! N f

while the blue line is the correct value of the electric Þeld, taking into account the non-linear nature
of the saddle point equation that is obtained from the action (6).

their scaling dimension is close to 2, but there are large corrections to the scaling
dimension near the defect). We Þnd16 that at leading order in Nf

! ( öø" ö" ) = 1 +
!

1 ! 4E 2 .

(In the absence of a defect,E = q = 0, the scaling dimension of the fermion bilinear
of course agrees with the scaling dimension of the bulk primary.) When the scaling
dimension turns complex, the fermions are expected to condense and integrating
them out naively as we did before (6) is not self-consistent. Therefore we must have
|E | " 1/ 2 for stability of the vacuum with the Coulomb Þeld.d If |E | " 1/ 2 then
the infrared is a conformal defect with the electric Þeld one-point function (7). If
|E | > 1/ 2 then conjecturally there is an RG ßow on the defect that reducesq until
|E | = 1 / 2. The RG ßow on the defect can be understood as a ßow of the defect
bilinear operator öø" ö" .

Numerically, from Þgure 2, we Þnd that|E | = 1 / 2 corresponds to|qc| # 0.56Nf

(for large Nf ). Therefore Wilson lines with |q| > |qc| are partially screened and in
the infrared ßow to the conformal defect with |q| = |qc|. While the Wilson lines
with |q| < |qc| correspond to the conformal defects withE = E(q, Nf ) obtained
from the the saddle point of (6).

A curious point is that the massive phases of QED3 are U(1)± N f Chern-Simons
theory. (And the critical point is a non-Landau-Ginzburg transition between these
topological theories.) These massive phases are obtained by deforming the theory
with the SU(2Nf ) symmetric mass term for the fermions which can be taken to be
either large and positive or large and negative resulting in the topological theories
U(1)± N f , respectively. Each of these topological theories admitsNf lines with

d This phenomenon of vacuum instability with |E | > 1/ 2 was already observed in Graphene. 17
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Screening common feature in gauge theories

• 3d QED at large Nf

Check: equal mass to fermions gives
CS theory with Nf WLs

In UV we have just enough 1.12Nf distinct WLs

• In graphene (mixed dimensional QED) 
screening experimentally observed
Would need Z>137 to be accessible in atomic 
physics
[Wang et al.; Pomeranchuk, Smorodinsky]

• Two WL DCFTs in planar CS matter theories, 
closed set of loop equations
[Gabai, Sever, Zhong]
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! N f

while the blue line is the correct value of the electric Þeld, taking into account the non-linear nature
of the saddle point equation that is obtained from the action (6).

their scaling dimension is close to 2, but there are large corrections to the scaling
dimension near the defect). We Þnd16 that at leading order in Nf
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(In the absence of a defect,E = q = 0, the scaling dimension of the fermion bilinear
of course agrees with the scaling dimension of the bulk primary.) When the scaling
dimension turns complex, the fermions are expected to condense and integrating
them out naively as we did before (6) is not self-consistent. Therefore we must have
|E | " 1/ 2 for stability of the vacuum with the Coulomb Þeld.d If |E | " 1/ 2 then
the infrared is a conformal defect with the electric Þeld one-point function (7). If
|E | > 1/ 2 then conjecturally there is an RG ßow on the defect that reducesq until
|E | = 1 / 2. The RG ßow on the defect can be understood as a ßow of the defect
bilinear operator öø" ö" .

Numerically, from Þgure 2, we Þnd that|E | = 1 / 2 corresponds to|qc| # 0.56Nf

(for large Nf ). Therefore Wilson lines with |q| > |qc| are partially screened and in
the infrared ßow to the conformal defect with |q| = |qc|. While the Wilson lines
with |q| < |qc| correspond to the conformal defects withE = E(q, Nf ) obtained
from the the saddle point of (6).

A curious point is that the massive phases of QED3 are U(1)± N f Chern-Simons
theory. (And the critical point is a non-Landau-Ginzburg transition between these
topological theories.) These massive phases are obtained by deforming the theory
with the SU(2Nf ) symmetric mass term for the fermions which can be taken to be
either large and positive or large and negative resulting in the topological theories
U(1)± N f , respectively. Each of these topological theories admitsNf lines with

d This phenomenon of vacuum instability with |E | > 1/ 2 was already observed in Graphene. 17
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Comparison and summary

Defect dynamics
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Figure 1: The geometry of the boundary defect (left) and plane defect (right) for the 3d O(N) model.

1 Introduction

Recent interest in the physics of boundaries and defects has been driven in part by the field of topo-
logical phases, in which such defects often expose protected modes. While the implications of bulk
topological physics for defect modes are well-understood for a gapped bulk, less is known about be-
havior of defects and boundaries in the presence of a critical bulk. Even in the classical 3d O(N)
model, the phase diagram in the presence of a boundary or defect is not fully settled.[1]

Let us briefly review recent developments in the boundary physics of the 3d O(N) model. Consider
a system of classical N -component spins ~Si of length one on sites of a semi-infinite 3d cubic lattice
coupled via the nearest neighbour interaction

�H = �
X

hiji

Kij
~Si · ~Sj . (1.1)

If both sites i and j belong to the surface layer, we set Kij = K1, otherwise, Kij = K (see Fig. 1,
left). For N = 1, 2 the boundary phase diagram has the schematic shape shown in Fig. 2, left. When
the system is tuned to the bulk critical point K = Kc it admits three boundary universality classes:

• the “ordinary” universality class, where the bulk and boundary order at the same bulk coupling,

• the “extraordinary” universality class, where the onset of bulk order occurs in the presence of
(quasi) long-range boundary order,

• the “special” universality class, the multicritical point in Fig. 2, left.

The presence of a (quasi)long-range ordered boundary phase for K < Kc and large K1/K mandates
the existence of these three classes.

For N > 2, the boundary has a finite correlation length for K < Kc. Thus, the existence of
a separate extraordinary boundary universality class is not required. Nevertheless, per Ref. [1], the
extraordinary boundary universality class actually survives in the range 2 < N < Nc, where the
phase diagram has the shape in Fig. 2, right. Here, Nc > 2 is an a priori unknown critical value of
N . Furthermore, in the range 2  N < Nc the extraordinary universality class has a boundary spin
correlation function that falls o↵ as

h~Sx · ~Syi ⇠ 1

(log |x � y|)q
, (1.2)

with q(N) a universal power. Thus, in this range of N the extraordinary boundary universality
class is labeled as “extraordinary-log”. The universal properties of this class, including the power q
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For dynamical questions we have perturbative expansions and numerical methods

• in Ordinary BCFT in O(N) model
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Figure 1: The geometry of the boundary defect (left) and plane defect (right) for the 3d O(N) model.
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N=2 N=3 N=4

- expansion 1.19 1.153 1.125

Bootstrap 1.2342(9) 1.198(1) 1.172

Monte Carlo 1.2286(25) 1.194(3) 1.158(3)
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Bootstrap dream: classify all CFTs
Defect version: classify all defects for a given CFT

• Minimal possible given a bulk CFT2
[Collier, Mazanc, Wang]

Bootstrap
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Bootstrap dream: classify all CFTs
Defect version: classify all defects for a given CFT

• Minimal possible given a bulk CFT2
[Collier, Mazanc, Wang]

• Simplicity: Crossing equation is simpler than for bulk and looks very constraining

Richness: Can introduce any defect degrees of freedom

Shortcoming: No positivity

Bootstrap
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Bootstrap dream: classify all CFTs
Defect version: classify all defects for a given CFT

• Minimal possible given a bulk CFT2
[Collier, Mazanc, Wang]

• Simplicity: Crossing equation is simpler than for bulk and looks very constraining

Richness: Can introduce any defect degrees of freedom

Shortcoming: No positivity

• Fusion of defects in its infancy

Ø Fusion of conformal boundary with topological defect lines in CFT2
[Collier, Mazanc, Wang]

Ø Free theories and    -expansion
[Söderberg]

Bootstrap
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Start with local operator bootstrap in free theories

• Codim-2 defects trivial in one real free scalar and in 4d Maxwell
[Lauria, Liendo, van Rees, Zhao; Herzog, Shrestha]

• New BCFT even for one real free scalar from kink in bootstrap
[Behan, Di Pietro, Lauria, van Rees]

• Rich DCFT physics in O(3) free scalar (in fractional d)
[Cuomo, Komargodski, Mezei, Raviv-Moshe; Beccaria, Giombi, Tseytlin; Nahum]

• orbits of BCFTs for 4d Maxwell
[Di Pietro, Gaiotto, Lauria, Wu; Witten]
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• Defect RG monotonicity from dilaton effective actions and quantum information

• Three routes do defects: external field, new dofs, gauging

• Bootstrap and (Quantum) Monte Carlo

• Future: interplay between DCFT, topological defects, integrability and AdS/CFT, 
bootstrap, quantum simulation

Conclusions and the future


