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[Moser & LJ, PRB ’24]
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Mean-field phase diagram: RG flow (r = 0):
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Mean-field phase diagram: RG flow (r = 0):

Quantum phase diagram:

Critical temperature:

Dynamical structure 
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<latexit sha1_base64="iNtKoyisx87hZq9AIGsE3iZVcqU=">AAACOXicbVDLSsNAFJ3Ud3xWN4KbYBFclUQUXQrduFSwtdAUuZnc6OA8wsykUkI/w61+iF/i0p249QecthF8HRg4nHMv98xJcs6MDcMXrzYzOze/sLjkL6+srq1v1Dc7RhWaYpsqrnQ3AYOcSWxbZjl2c40gEo5XyV1r7F8NUBum5KUd5tgXcCNZxihYJ/XiAWjMDeNKXm80wmY4QfCXRBVpkArn13VvO04VLQRKSzkY04vC3PZL0JZRjiM/LgzmQO/gBnuOShBo+uUk8yjYc0oaZEq7J20wUb9vlCCMGYrETQqwt+a3Nxb/83qFzU76JZN5YVHS6aGs4IFVwbiAIGUaqeVDR4Bq5rIG9BY0UOtq8v1Yo8R7qoQAmZZxBoLxYYoZFNyOythkX/xHIANykmj8FzPyXZfR7+b+ks5BMzpqhheHjdNW1eoi2SG7ZJ9E5JickjNyTtqEEkUeyCN58p69V+/Ne5+O1rxqZ4v8gPfxCcyMrnQ=</latexit>

"

<latexit sha1_base64="+SGT7dibFPnRr4yK95M1Z0gTSko="></latexit>

!(")

Γ

Effect of interaction: Excitonic instability for 
<latexit sha1_base64="+/ID7dFKoHp2n6MARDYusL9imPo="></latexit>

∆ < Eexc =
meff

›
2
m0

13:6 eV

Coulomb potential:

<latexit sha1_base64="HS73UUmePh3tY1OkN7IZtHC6790="></latexit>

V ∝

e
2

›r



Coulomb interaction

22

<latexit sha1_base64="9H0LgcoN7mtv/vHhYMo3mcNuir8="></latexit>

La =
1

2
(→a)2 + iea † 

Lagrangian:

Metal

<latexit sha1_base64="7qZyxDtW69j8Kf0X3+SvAdx33Fc="></latexit>

"F

<latexit sha1_base64="iNtKoyisx87hZq9AIGsE3iZVcqU=">AAACOXicbVDLSsNAFJ3Ud3xWN4KbYBFclUQUXQrduFSwtdAUuZnc6OA8wsykUkI/w61+iF/i0p249QecthF8HRg4nHMv98xJcs6MDcMXrzYzOze/sLjkL6+srq1v1Dc7RhWaYpsqrnQ3AYOcSWxbZjl2c40gEo5XyV1r7F8NUBum5KUd5tgXcCNZxihYJ/XiAWjMDeNKXm80wmY4QfCXRBVpkArn13VvO04VLQRKSzkY04vC3PZL0JZRjiM/LgzmQO/gBnuOShBo+uUk8yjYc0oaZEq7J20wUb9vlCCMGYrETQqwt+a3Nxb/83qFzU76JZN5YVHS6aGs4IFVwbiAIGUaqeVDR4Bq5rIG9BY0UOtq8v1Yo8R7qoQAmZZxBoLxYYoZFNyOythkX/xHIANykmj8FzPyXZfR7+b+ks5BMzpqhheHjdNW1eoi2SG7ZJ9E5JickjNyTtqEEkUeyCN58p69V+/Ne5+O1rxqZ4v8gPfxCcyMrnQ=</latexit>

"

<latexit sha1_base64="+SGT7dibFPnRr4yK95M1Z0gTSko="></latexit>

!(")

Γ

Small-gap semiconductor

<latexit sha1_base64="7qZyxDtW69j8Kf0X3+SvAdx33Fc="></latexit>

"F

<latexit sha1_base64="iNtKoyisx87hZq9AIGsE3iZVcqU=">AAACOXicbVDLSsNAFJ3Ud3xWN4KbYBFclUQUXQrduFSwtdAUuZnc6OA8wsykUkI/w61+iF/i0p249QecthF8HRg4nHMv98xJcs6MDcMXrzYzOze/sLjkL6+srq1v1Dc7RhWaYpsqrnQ3AYOcSWxbZjl2c40gEo5XyV1r7F8NUBum5KUd5tgXcCNZxihYJ/XiAWjMDeNKXm80wmY4QfCXRBVpkArn13VvO04VLQRKSzkY04vC3PZL0JZRjiM/LgzmQO/gBnuOShBo+uUk8yjYc0oaZEq7J20wUb9vlCCMGYrETQqwt+a3Nxb/83qFzU76JZN5YVHS6aGs4IFVwbiAIGUaqeVDR4Bq5rIG9BY0UOtq8v1Yo8R7qoQAmZZxBoLxYYoZFNyOythkX/xHIANykmj8FzPyXZfR7+b+ks5BMzpqhheHjdNW1eoi2SG7ZJ9E5JickjNyTtqEEkUeyCN58p69V+/Ne5+O1rxqZ4v8gPfxCcyMrnQ=</latexit>

"

<latexit sha1_base64="+SGT7dibFPnRr4yK95M1Z0gTSko="></latexit>

!(")

Γ

Effect of interaction: Excitonic instability for 
<latexit sha1_base64="+/ID7dFKoHp2n6MARDYusL9imPo="></latexit>

∆ < Eexc =
meff

›
2
m0

13:6 eV

Coulomb potential:

<latexit sha1_base64="HS73UUmePh3tY1OkN7IZtHC6790="></latexit>

V ∝

e
2

›r



Coulomb interaction

22

<latexit sha1_base64="9H0LgcoN7mtv/vHhYMo3mcNuir8="></latexit>

La =
1

2
(→a)2 + iea † 

Lagrangian:

Metal

<latexit sha1_base64="7qZyxDtW69j8Kf0X3+SvAdx33Fc="></latexit>

"F

<latexit sha1_base64="iNtKoyisx87hZq9AIGsE3iZVcqU=">AAACOXicbVDLSsNAFJ3Ud3xWN4KbYBFclUQUXQrduFSwtdAUuZnc6OA8wsykUkI/w61+iF/i0p249QecthF8HRg4nHMv98xJcs6MDcMXrzYzOze/sLjkL6+srq1v1Dc7RhWaYpsqrnQ3AYOcSWxbZjl2c40gEo5XyV1r7F8NUBum5KUd5tgXcCNZxihYJ/XiAWjMDeNKXm80wmY4QfCXRBVpkArn13VvO04VLQRKSzkY04vC3PZL0JZRjiM/LgzmQO/gBnuOShBo+uUk8yjYc0oaZEq7J20wUb9vlCCMGYrETQqwt+a3Nxb/83qFzU76JZN5YVHS6aGs4IFVwbiAIGUaqeVDR4Bq5rIG9BY0UOtq8v1Yo8R7qoQAmZZxBoLxYYoZFNyOythkX/xHIANykmj8FzPyXZfR7+b+ks5BMzpqhheHjdNW1eoi2SG7ZJ9E5JickjNyTtqEEkUeyCN58p69V+/Ne5+O1rxqZ4v8gPfxCcyMrnQ=</latexit>

"

<latexit sha1_base64="+SGT7dibFPnRr4yK95M1Z0gTSko="></latexit>

!(")

Γ

Small-gap semiconductor

<latexit sha1_base64="7qZyxDtW69j8Kf0X3+SvAdx33Fc="></latexit>

"F

<latexit sha1_base64="iNtKoyisx87hZq9AIGsE3iZVcqU=">AAACOXicbVDLSsNAFJ3Ud3xWN4KbYBFclUQUXQrduFSwtdAUuZnc6OA8wsykUkI/w61+iF/i0p249QecthF8HRg4nHMv98xJcs6MDcMXrzYzOze/sLjkL6+srq1v1Dc7RhWaYpsqrnQ3AYOcSWxbZjl2c40gEo5XyV1r7F8NUBum5KUd5tgXcCNZxihYJ/XiAWjMDeNKXm80wmY4QfCXRBVpkArn13VvO04VLQRKSzkY04vC3PZL0JZRjiM/LgzmQO/gBnuOShBo+uUk8yjYc0oaZEq7J20wUb9vlCCMGYrETQqwt+a3Nxb/83qFzU76JZN5YVHS6aGs4IFVwbiAIGUaqeVDR4Bq5rIG9BY0UOtq8v1Yo8R7qoQAmZZxBoLxYYoZFNyOythkX/xHIANykmj8FzPyXZfR7+b+ks5BMzpqhheHjdNW1eoi2SG7ZJ9E5JickjNyTtqEEkUeyCN58p69V+/Ne5+O1rxqZ4v8gPfxCcyMrnQ=</latexit>

"

<latexit sha1_base64="+SGT7dibFPnRr4yK95M1Z0gTSko="></latexit>

!(")

Γ

Effect of interaction: Excitonic instability for 
<latexit sha1_base64="+/ID7dFKoHp2n6MARDYusL9imPo="></latexit>

∆ < Eexc =
meff

›
2
m0

13:6 eV

<latexit sha1_base64="wizxca3Vykw/2KmZ4qXO+xKuAeM="></latexit>

V ∝

e
2

r
e
−r=–TF

Screening

Coulomb potential:

<latexit sha1_base64="HS73UUmePh3tY1OkN7IZtHC6790="></latexit>

V ∝

e
2

›r



Coulomb interaction

22

<latexit sha1_base64="9H0LgcoN7mtv/vHhYMo3mcNuir8="></latexit>

La =
1

2
(→a)2 + iea † 

Lagrangian:

Zero-gap semiconductor

<latexit sha1_base64="7qZyxDtW69j8Kf0X3+SvAdx33Fc="></latexit>

"F

<latexit sha1_base64="iNtKoyisx87hZq9AIGsE3iZVcqU=">AAACOXicbVDLSsNAFJ3Ud3xWN4KbYBFclUQUXQrduFSwtdAUuZnc6OA8wsykUkI/w61+iF/i0p249QecthF8HRg4nHMv98xJcs6MDcMXrzYzOze/sLjkL6+srq1v1Dc7RhWaYpsqrnQ3AYOcSWxbZjl2c40gEo5XyV1r7F8NUBum5KUd5tgXcCNZxihYJ/XiAWjMDeNKXm80wmY4QfCXRBVpkArn13VvO04VLQRKSzkY04vC3PZL0JZRjiM/LgzmQO/gBnuOShBo+uUk8yjYc0oaZEq7J20wUb9vlCCMGYrETQqwt+a3Nxb/83qFzU76JZN5YVHS6aGs4IFVwbiAIGUaqeVDR4Bq5rIG9BY0UOtq8v1Yo8R7qoQAmZZxBoLxYYoZFNyOythkX/xHIANykmj8FzPyXZfR7+b+ks5BMzpqhheHjdNW1eoi2SG7ZJ9E5JickjNyTtqEEkUeyCN58p69V+/Ne5+O1rxqZ4v8gPfxCcyMrnQ=</latexit>

"

<latexit sha1_base64="+SGT7dibFPnRr4yK95M1Z0gTSko="></latexit>

!(")

Γ

Metal

<latexit sha1_base64="7qZyxDtW69j8Kf0X3+SvAdx33Fc="></latexit>

"F

<latexit sha1_base64="iNtKoyisx87hZq9AIGsE3iZVcqU=">AAACOXicbVDLSsNAFJ3Ud3xWN4KbYBFclUQUXQrduFSwtdAUuZnc6OA8wsykUkI/w61+iF/i0p249QecthF8HRg4nHMv98xJcs6MDcMXrzYzOze/sLjkL6+srq1v1Dc7RhWaYpsqrnQ3AYOcSWxbZjl2c40gEo5XyV1r7F8NUBum5KUd5tgXcCNZxihYJ/XiAWjMDeNKXm80wmY4QfCXRBVpkArn13VvO04VLQRKSzkY04vC3PZL0JZRjiM/LgzmQO/gBnuOShBo+uUk8yjYc0oaZEq7J20wUb9vlCCMGYrETQqwt+a3Nxb/83qFzU76JZN5YVHS6aGs4IFVwbiAIGUaqeVDR4Bq5rIG9BY0UOtq8v1Yo8R7qoQAmZZxBoLxYYoZFNyOythkX/xHIANykmj8FzPyXZfR7+b+ks5BMzpqhheHjdNW1eoi2SG7ZJ9E5JickjNyTtqEEkUeyCN58p69V+/Ne5+O1rxqZ4v8gPfxCcyMrnQ=</latexit>

"

<latexit sha1_base64="+SGT7dibFPnRr4yK95M1Z0gTSko="></latexit>

!(")

Γ

Small-gap semiconductor

<latexit sha1_base64="7qZyxDtW69j8Kf0X3+SvAdx33Fc="></latexit>

"F

<latexit sha1_base64="iNtKoyisx87hZq9AIGsE3iZVcqU=">AAACOXicbVDLSsNAFJ3Ud3xWN4KbYBFclUQUXQrduFSwtdAUuZnc6OA8wsykUkI/w61+iF/i0p249QecthF8HRg4nHMv98xJcs6MDcMXrzYzOze/sLjkL6+srq1v1Dc7RhWaYpsqrnQ3AYOcSWxbZjl2c40gEo5XyV1r7F8NUBum5KUd5tgXcCNZxihYJ/XiAWjMDeNKXm80wmY4QfCXRBVpkArn13VvO04VLQRKSzkY04vC3PZL0JZRjiM/LgzmQO/gBnuOShBo+uUk8yjYc0oaZEq7J20wUb9vlCCMGYrETQqwt+a3Nxb/83qFzU76JZN5YVHS6aGs4IFVwbiAIGUaqeVDR4Bq5rIG9BY0UOtq8v1Yo8R7qoQAmZZxBoLxYYoZFNyOythkX/xHIANykmj8FzPyXZfR7+b+ks5BMzpqhheHjdNW1eoi2SG7ZJ9E5JickjNyTtqEEkUeyCN58p69V+/Ne5+O1rxqZ4v8gPfxCcyMrnQ=</latexit>

"

<latexit sha1_base64="+SGT7dibFPnRr4yK95M1Z0gTSko="></latexit>

!(")

Γ

Effect of interaction: Excitonic instability for 
<latexit sha1_base64="+/ID7dFKoHp2n6MARDYusL9imPo="></latexit>

∆ < Eexc =
meff

›
2
m0

13:6 eV

<latexit sha1_base64="wizxca3Vykw/2KmZ4qXO+xKuAeM="></latexit>

V ∝

e
2

r
e
−r=–TF

Screening

Coulomb potential:

<latexit sha1_base64="HS73UUmePh3tY1OkN7IZtHC6790="></latexit>

V ∝

e
2

›r



Coulomb interaction

22

<latexit sha1_base64="9H0LgcoN7mtv/vHhYMo3mcNuir8="></latexit>

La =
1

2
(→a)2 + iea † 

Lagrangian:

Zero-gap semiconductor

<latexit sha1_base64="7qZyxDtW69j8Kf0X3+SvAdx33Fc="></latexit>

"F

<latexit sha1_base64="iNtKoyisx87hZq9AIGsE3iZVcqU=">AAACOXicbVDLSsNAFJ3Ud3xWN4KbYBFclUQUXQrduFSwtdAUuZnc6OA8wsykUkI/w61+iF/i0p249QecthF8HRg4nHMv98xJcs6MDcMXrzYzOze/sLjkL6+srq1v1Dc7RhWaYpsqrnQ3AYOcSWxbZjl2c40gEo5XyV1r7F8NUBum5KUd5tgXcCNZxihYJ/XiAWjMDeNKXm80wmY4QfCXRBVpkArn13VvO04VLQRKSzkY04vC3PZL0JZRjiM/LgzmQO/gBnuOShBo+uUk8yjYc0oaZEq7J20wUb9vlCCMGYrETQqwt+a3Nxb/83qFzU76JZN5YVHS6aGs4IFVwbiAIGUaqeVDR4Bq5rIG9BY0UOtq8v1Yo8R7qoQAmZZxBoLxYYoZFNyOythkX/xHIANykmj8FzPyXZfR7+b+ks5BMzpqhheHjdNW1eoi2SG7ZJ9E5JickjNyTtqEEkUeyCN58p69V+/Ne5+O1rxqZ4v8gPfxCcyMrnQ=</latexit>

"

<latexit sha1_base64="+SGT7dibFPnRr4yK95M1Z0gTSko="></latexit>

!(")

Γ

Metal

<latexit sha1_base64="7qZyxDtW69j8Kf0X3+SvAdx33Fc="></latexit>

"F

<latexit sha1_base64="iNtKoyisx87hZq9AIGsE3iZVcqU=">AAACOXicbVDLSsNAFJ3Ud3xWN4KbYBFclUQUXQrduFSwtdAUuZnc6OA8wsykUkI/w61+iF/i0p249QecthF8HRg4nHMv98xJcs6MDcMXrzYzOze/sLjkL6+srq1v1Dc7RhWaYpsqrnQ3AYOcSWxbZjl2c40gEo5XyV1r7F8NUBum5KUd5tgXcCNZxihYJ/XiAWjMDeNKXm80wmY4QfCXRBVpkArn13VvO04VLQRKSzkY04vC3PZL0JZRjiM/LgzmQO/gBnuOShBo+uUk8yjYc0oaZEq7J20wUb9vlCCMGYrETQqwt+a3Nxb/83qFzU76JZN5YVHS6aGs4IFVwbiAIGUaqeVDR4Bq5rIG9BY0UOtq8v1Yo8R7qoQAmZZxBoLxYYoZFNyOythkX/xHIANykmj8FzPyXZfR7+b+ks5BMzpqhheHjdNW1eoi2SG7ZJ9E5JickjNyTtqEEkUeyCN58p69V+/Ne5+O1rxqZ4v8gPfxCcyMrnQ=</latexit>

"

<latexit sha1_base64="+SGT7dibFPnRr4yK95M1Z0gTSko="></latexit>

!(")

Γ

Small-gap semiconductor

<latexit sha1_base64="7qZyxDtW69j8Kf0X3+SvAdx33Fc="></latexit>

"F

<latexit sha1_base64="iNtKoyisx87hZq9AIGsE3iZVcqU=">AAACOXicbVDLSsNAFJ3Ud3xWN4KbYBFclUQUXQrduFSwtdAUuZnc6OA8wsykUkI/w61+iF/i0p249QecthF8HRg4nHMv98xJcs6MDcMXrzYzOze/sLjkL6+srq1v1Dc7RhWaYpsqrnQ3AYOcSWxbZjl2c40gEo5XyV1r7F8NUBum5KUd5tgXcCNZxihYJ/XiAWjMDeNKXm80wmY4QfCXRBVpkArn13VvO04VLQRKSzkY04vC3PZL0JZRjiM/LgzmQO/gBnuOShBo+uUk8yjYc0oaZEq7J20wUb9vlCCMGYrETQqwt+a3Nxb/83qFzU76JZN5YVHS6aGs4IFVwbiAIGUaqeVDR4Bq5rIG9BY0UOtq8v1Yo8R7qoQAmZZxBoLxYYoZFNyOythkX/xHIANykmj8FzPyXZfR7+b+ks5BMzpqhheHjdNW1eoi2SG7ZJ9E5JickjNyTtqEEkUeyCN58p69V+/Ne5+O1rxqZ4v8gPfxCcyMrnQ=</latexit>

"

<latexit sha1_base64="+SGT7dibFPnRr4yK95M1Z0gTSko="></latexit>

!(")

Γ

Effect of interaction: Excitonic instability for 
<latexit sha1_base64="+/ID7dFKoHp2n6MARDYusL9imPo="></latexit>

∆ < Eexc =
meff

›
2
m0

13:6 eV

<latexit sha1_base64="wizxca3Vykw/2KmZ4qXO+xKuAeM="></latexit>

V ∝

e
2

r
e
−r=–TF

Screening?
Coulomb potential:

<latexit sha1_base64="HS73UUmePh3tY1OkN7IZtHC6790="></latexit>

V ∝

e
2

›r



Marginal screening

23

<latexit sha1_base64="nwq0+RHc54gp39iiOW3ji/3PWQ8="></latexit>

V (q) =
1

q2

4ıe2
+ !(q)

Thomas-Fermi:



Marginal screening

23

<latexit sha1_base64="nwq0+RHc54gp39iiOW3ji/3PWQ8="></latexit>

V (q) =
1

q2

4ıe2
+ !(q)

Thomas-Fermi:
<latexit sha1_base64="2aNTOXN58oZitOTzRYJsrN9RQZ8="></latexit>

with !(q) ∝ Nm3=2
p

|"(q)| ∝ Nm|q|

<latexit sha1_base64="tPzV7SBaaaJE2Lc3mdf4BUohOW8="></latexit>

∼

¸

2Nm|q|



Marginal screening

23

<latexit sha1_base64="nwq0+RHc54gp39iiOW3ji/3PWQ8="></latexit>

V (q) =
1

q2

4ıe2
+ !(q)

Thomas-Fermi:
<latexit sha1_base64="2aNTOXN58oZitOTzRYJsrN9RQZ8="></latexit>

with !(q) ∝ Nm3=2
p

|"(q)| ∝ Nm|q|

<latexit sha1_base64="tPzV7SBaaaJE2Lc3mdf4BUohOW8="></latexit>

∼

¸

2Nm|q|

<latexit sha1_base64="ukfPpzLVESzP3iHufrBGjdkLchA="></latexit>

⇒ V (r) ∼
¸

2Nmr2
with ¸ ∼ O(1)



Marginal screening

23

<latexit sha1_base64="nwq0+RHc54gp39iiOW3ji/3PWQ8="></latexit>

V (q) =
1

q2

4ıe2
+ !(q)

Exciton Schrödinger eqn:

<latexit sha1_base64="O29FfyI6ERkju8clMGsBGoqh/48="></latexit>

„

−

@2

@r2
+

‘(‘+ 1)

r2
−

¸

Nr2

«

Ψexc(r) = 2meffEΨexc(r)

Thomas-Fermi:
<latexit sha1_base64="2aNTOXN58oZitOTzRYJsrN9RQZ8="></latexit>

with !(q) ∝ Nm3=2
p

|"(q)| ∝ Nm|q|

<latexit sha1_base64="tPzV7SBaaaJE2Lc3mdf4BUohOW8="></latexit>

∼

¸

2Nm|q|

<latexit sha1_base64="ukfPpzLVESzP3iHufrBGjdkLchA="></latexit>

⇒ V (r) ∼
¸

2Nmr2
with ¸ ∼ O(1)



Marginal screening

23

<latexit sha1_base64="nwq0+RHc54gp39iiOW3ji/3PWQ8="></latexit>

V (q) =
1

q2

4ıe2
+ !(q)

Exciton Schrödinger eqn:

<latexit sha1_base64="O29FfyI6ERkju8clMGsBGoqh/48="></latexit>

„

−

@2

@r2
+

‘(‘+ 1)

r2
−

¸

Nr2

«

Ψexc(r) = 2meffEΨexc(r)

Thomas-Fermi:

Scale invariance:
<latexit sha1_base64="x9Tw1HC4FACu1QbhJKxb15rju6c="></latexit>

r →↑ ˛r with ˛ > 0

<latexit sha1_base64="2aNTOXN58oZitOTzRYJsrN9RQZ8="></latexit>

with !(q) ∝ Nm3=2
p

|"(q)| ∝ Nm|q|

<latexit sha1_base64="tPzV7SBaaaJE2Lc3mdf4BUohOW8="></latexit>

∼

¸

2Nm|q|

<latexit sha1_base64="ukfPpzLVESzP3iHufrBGjdkLchA="></latexit>

⇒ V (r) ∼
¸

2Nmr2
with ¸ ∼ O(1)



Marginal screening

23

<latexit sha1_base64="nwq0+RHc54gp39iiOW3ji/3PWQ8="></latexit>

V (q) =
1

q2

4ıe2
+ !(q)

Exciton Schrödinger eqn:

<latexit sha1_base64="O29FfyI6ERkju8clMGsBGoqh/48="></latexit>

„

−

@2

@r2
+

‘(‘+ 1)

r2
−

¸

Nr2

«

Ψexc(r) = 2meffEΨexc(r)

Thomas-Fermi:

Scale invariance:
<latexit sha1_base64="x9Tw1HC4FACu1QbhJKxb15rju6c="></latexit>

r →↑ ˛r with ˛ > 0

Spectrum: 

•   

•

<latexit sha1_base64="UeKYKCze/BchR4TApsga36WKwzc="></latexit>

¸

N
<

1

4
: No bound states

<latexit sha1_base64="N7EG0PluV4ioFTUegr6T1mq2sZU="></latexit>

¸

N
>

1

4
: Bound states (regularization required)

[Landau & Lifshitz vol. 3, ’77]

<latexit sha1_base64="2aNTOXN58oZitOTzRYJsrN9RQZ8="></latexit>

with !(q) ∝ Nm3=2
p

|"(q)| ∝ Nm|q|

<latexit sha1_base64="tPzV7SBaaaJE2Lc3mdf4BUohOW8="></latexit>

∼

¸

2Nm|q|

<latexit sha1_base64="ukfPpzLVESzP3iHufrBGjdkLchA="></latexit>

⇒ V (r) ∼
¸

2Nmr2
with ¸ ∼ O(1)



Marginal screening
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<latexit sha1_base64="nwq0+RHc54gp39iiOW3ji/3PWQ8="></latexit>

V (q) =
1

q2

4ıe2
+ !(q)

Exciton Schrödinger eqn:

<latexit sha1_base64="O29FfyI6ERkju8clMGsBGoqh/48="></latexit>

„

−

@2

@r2
+

‘(‘+ 1)

r2
−

¸

Nr2

«

Ψexc(r) = 2meffEΨexc(r)

Thomas-Fermi:

Scale invariance:
<latexit sha1_base64="x9Tw1HC4FACu1QbhJKxb15rju6c="></latexit>

r →↑ ˛r with ˛ > 0

Spectrum: 

•   

•

<latexit sha1_base64="UeKYKCze/BchR4TApsga36WKwzc="></latexit>

¸

N
<

1

4
: No bound states

<latexit sha1_base64="N7EG0PluV4ioFTUegr6T1mq2sZU="></latexit>

¸

N
>

1

4
: Bound states (regularization required)

[Landau & Lifshitz vol. 3, ’77] [LJ & Herbut, PRB ’16]

N-dependent 

excitonic instability

<latexit sha1_base64="2aNTOXN58oZitOTzRYJsrN9RQZ8="></latexit>

with !(q) ∝ Nm3=2
p

|"(q)| ∝ Nm|q|

<latexit sha1_base64="tPzV7SBaaaJE2Lc3mdf4BUohOW8="></latexit>

∼

¸

2Nm|q|

<latexit sha1_base64="ukfPpzLVESzP3iHufrBGjdkLchA="></latexit>

⇒ V (r) ∼
¸

2Nmr2
with ¸ ∼ O(1)



Luttinger-Abrikosov-Beneslavskii state

24

RG flow (δ = 0):

<latexit sha1_base64="nnByDdJ0vlAvrxSiRLcU9JEBunU="></latexit>

de2

d ln b
= (4− d)e2 − Ne

2

[Abrikosov, JETP ’74]



Luttinger-Abrikosov-Beneslavskii state

24

RG flow (δ = 0):

<latexit sha1_base64="nnByDdJ0vlAvrxSiRLcU9JEBunU="></latexit>

de2

d ln b
= (4− d)e2 − Ne

2

<latexit sha1_base64="z6UXC6CtXvawoCuLKtzBIucB8HQ="></latexit>

de
2

d ln b

<latexit sha1_base64="lfZzFaHHJZ5r8aKqOUw+vMajOSQ=">AAACMXicbVDLSsNAFJ3UV42vVjeCm2ARXJWkSHUpdONS0arQVLmZ3LRDZyZhZqKU0E9wqx/i17gTt/6E01rBVg8MHM65lzn3RBln2vj+m1NaWFxaXimvumvrG5tbler2tU5zRbFNU56q2wg0ciaxbZjheJspBBFxvIkGrbF/84BKs1RemWGGXQE9yRJGwVjpEu8a95WaX/cn8P6SYEpqZIrz+6qzG8YpzQVKQzlo3Qn8zHQLUIZRjiM3zDVmQAfQw46lEgTqbjHJOvIOrBJ7Sarsk8abqL83ChBaD0VkJwWYvp73xuJ/Xic3yUm3YDLLDUr6/VGSc8+k3vhwL2YKqeFDS4AqZrN6tA8KqLH1uG6oUOIjTYUAGRdhAoLxYYwJ5NyMilAnP3wmkAY5STS+RY9c22Uw39xfct2oB8168+Kodtqatlome2SfHJKAHJNTckbOSZtQ0iNP5Jm8OK/Om/PufHyPlpzpzg6ZgfP5Bf0+qoE=</latexit>

e
2

<latexit sha1_base64="eBC5ZWQjAzuGs1N0axG0PHE+c+o="></latexit>

e
2

?
=

4− d

N

[Abrikosov, JETP ’74]



Luttinger-Abrikosov-Beneslavskii state

24

RG flow (δ = 0):

<latexit sha1_base64="nnByDdJ0vlAvrxSiRLcU9JEBunU="></latexit>

de2

d ln b
= (4− d)e2 − Ne

2

<latexit sha1_base64="z6UXC6CtXvawoCuLKtzBIucB8HQ="></latexit>

de
2

d ln b

<latexit sha1_base64="lfZzFaHHJZ5r8aKqOUw+vMajOSQ=">AAACMXicbVDLSsNAFJ3UV42vVjeCm2ARXJWkSHUpdONS0arQVLmZ3LRDZyZhZqKU0E9wqx/i17gTt/6E01rBVg8MHM65lzn3RBln2vj+m1NaWFxaXimvumvrG5tbler2tU5zRbFNU56q2wg0ciaxbZjheJspBBFxvIkGrbF/84BKs1RemWGGXQE9yRJGwVjpEu8a95WaX/cn8P6SYEpqZIrz+6qzG8YpzQVKQzlo3Qn8zHQLUIZRjiM3zDVmQAfQw46lEgTqbjHJOvIOrBJ7Sarsk8abqL83ChBaD0VkJwWYvp73xuJ/Xic3yUm3YDLLDUr6/VGSc8+k3vhwL2YKqeFDS4AqZrN6tA8KqLH1uG6oUOIjTYUAGRdhAoLxYYwJ5NyMilAnP3wmkAY5STS+RY9c22Uw39xfct2oB8168+Kodtqatlome2SfHJKAHJNTckbOSZtQ0iNP5Jm8OK/Om/PufHyPlpzpzg6ZgfP5Bf0+qoE=</latexit>

e
2

<latexit sha1_base64="eBC5ZWQjAzuGs1N0axG0PHE+c+o="></latexit>

e
2

?
=

4− d

N

[Abrikosov, JETP ’74]

Non-Fermi liquid:

<latexit sha1_base64="USNjs4jGmcjB+qdoiO54YMFSOcc="></latexit>

ff(!; T ) ∝ T 1=z
F(!=T )

<latexit sha1_base64="N6I9sJ8QzG1XIX3GEjXPF17V4Gk="></latexit>

CV ∝ T
d=z <latexit sha1_base64="cGq25FVtM0GpYohCb4S7IpfQ9bo="></latexit>

with d = 3 and z ≈ 1:8

[Moon, Xu, Kim, Balents, PRL ’13]



Excitonic instability

25

Lagrangian:

<latexit sha1_base64="hE5pFbNJw4MsYxaJy5hkrUMfUqQ="></latexit>

L =  †

 

@fi +

5
X

a=1

(1 + sa‹)da(→i↑)‚a + iea

!

 +
1

2
(↑a)2 +

X

i

Gi ( 
†Mi )

2

generated by RG 



Excitonic instability

25

Lagrangian:

<latexit sha1_base64="hE5pFbNJw4MsYxaJy5hkrUMfUqQ="></latexit>

L =  †

 

@fi +

5
X

a=1

(1 + sa‹)da(→i↑)‚a + iea

!

 +
1

2
(↑a)2 +

X

i

Gi ( 
†Mi )

2

generated by RG 

RG flow:

<latexit sha1_base64="RwBNdrdGSA3Aky9H0Qt1Oz8ndrw="></latexit>

d

d ln b

<latexit sha1_base64="SVIrSGTDzJKq/JcDuJbn+ffqc2E="></latexit>

= (2− d)
<latexit sha1_base64="xIX0PM1ZqDEWAF9oJHK9CIAsKlY=">AAACL3icbVDLSsNAFJ3UV42vVjeCm2ARBKEkItVlQRCXCtYKTZGbyU07dGYSZiZKCf0Ct/ohfo24Ebf+hdNaQasHBg7n3Muce6KMM218/9Upzc0vLC6Vl92V1bX1jUp181qnuaLYoilP1U0EGjmT2DLMcLzJFIKIOLajwenYb9+h0iyVV2aYYVdAT7KEUTBWujy4rdT8uj+B95cEU1IjU1zcVp3tME5pLlAaykHrTuBnpluAMoxyHLlhrjEDOoAediyVIFB3i0nSkbdnldhLUmWfNN5E/blRgNB6KCI7KcD09aw3Fv/zOrlJTroFk1luUNKvj5Kceyb1xmd7MVNIDR9aAlQxm9WjfVBAjS3HdUOFEu9pKgTIuAgTEIwPY0wg52ZUhDr55r8CaZCTRONb9Mi1XQazzf0l14f1oFFvXB7VmmfTVstkh+ySfRKQY9Ik5+SCtAglSB7II3lynp0X5815/xotOdOdLfILzscnSGippg==</latexit>

+
<latexit sha1_base64="xIX0PM1ZqDEWAF9oJHK9CIAsKlY=">AAACL3icbVDLSsNAFJ3UV42vVjeCm2ARBKEkItVlQRCXCtYKTZGbyU07dGYSZiZKCf0Ct/ohfo24Ebf+hdNaQasHBg7n3Muce6KMM218/9Upzc0vLC6Vl92V1bX1jUp181qnuaLYoilP1U0EGjmT2DLMcLzJFIKIOLajwenYb9+h0iyVV2aYYVdAT7KEUTBWujy4rdT8uj+B95cEU1IjU1zcVp3tME5pLlAaykHrTuBnpluAMoxyHLlhrjEDOoAediyVIFB3i0nSkbdnldhLUmWfNN5E/blRgNB6KCI7KcD09aw3Fv/zOrlJTroFk1luUNKvj5Kceyb1xmd7MVNIDR9aAlQxm9WjfVBAjS3HdUOFEu9pKgTIuAgTEIwPY0wg52ZUhDr55r8CaZCTRONb9Mi1XQazzf0l14f1oFFvXB7VmmfTVstkh+ySfRKQY9Ik5+SCtAglSB7II3lynp0X5815/xotOdOdLfILzscnSGippg==</latexit>

+
<latexit sha1_base64="jFeyy+apPWTiAzsJ4P2Hg3gMfGs="></latexit>

+ : : :

<latexit sha1_base64="ENP6dn0tyMpC3YtYeq7zwocGEEk=">AAACMXicbVDLSsNAFJ3UV43P6kZwEyyCq5KIVJeCoC4rWi00pdxMbtqhM5MwM1FK6Ce41Q/xa7oTt/6E01rB14GBwzn3MueeKONMG98fO6W5+YXFpfKyu7K6tr6xWdm61WmuKDZpylPVikAjZxKbhhmOrUwhiIjjXTQ4m/h396g0S+WNGWbYEdCTLGEUjJWuL7qsu1n1a/4U3l8SzEiVzNDoVpydME5pLlAaykHrduBnplOAMoxyHLlhrjEDOoAeti2VIFB3imnWkbdvldhLUmWfNN5U/b5RgNB6KCI7KcD09W9vIv7ntXOTnHQKJrPcoKSfHyU590zqTQ73YqaQGj60BKhiNqtH+6CAGluP64YKJT7QVAiQcREmIBgfxphAzs2oCHXyxX8E0iCniSa36JFruwx+N/eX3B7WgnqtfnVUPT2ftVomu2SPHJCAHJNTckkapEko6ZFH8kSenRdn7Lw6b5+jJWe2s01+wHn/ACyXqp4=</latexit>

Gi

<latexit sha1_base64="QIzVeeGn3+wMCFxZqtbR5hbsrV8=">AAACMXicbVDLSsNAFJ34rPFZ3QhugkVwVRIp1aUgiEtFW4WmlpvJTTt0ZhJmJkoJ/QS3+iF+jTtx6084fQhaPTBwOOde5twTZZxp4/tvztz8wuLScmnFXV1b39jcKm83dZorig2a8lTdRaCRM4kNwwzHu0whiIjjbdQ/G/m3D6g0S+WNGWTYFtCVLGEUjJWu8b7W2ar4VX8M7y8JpqRCprjslJ3dME5pLlAaykHrVuBnpl2AMoxyHLphrjED2ocutiyVIFC3i3HWoXdgldhLUmWfNN5Y/blRgNB6ICI7KcD09Kw3Ev/zWrlJTtoFk1luUNLJR0nOPZN6o8O9mCmkhg8sAaqYzerRHiigxtbjuqFCiY80FQJkXIQJCMYHMSaQczMsQp1881+BNMhxotEteujaLoPZ5v6S5lE1qFfrV7XK6fm01RLZI/vkkATkmJySC3JJGoSSLnkiz+TFeXXenHfnYzI650x3dsgvOJ9fAcqqhg==</latexit>

e
4

<latexit sha1_base64="QIzVeeGn3+wMCFxZqtbR5hbsrV8=">AAACMXicbVDLSsNAFJ34rPFZ3QhugkVwVRIp1aUgiEtFW4WmlpvJTTt0ZhJmJkoJ/QS3+iF+jTtx6084fQhaPTBwOOde5twTZZxp4/tvztz8wuLScmnFXV1b39jcKm83dZorig2a8lTdRaCRM4kNwwzHu0whiIjjbdQ/G/m3D6g0S+WNGWTYFtCVLGEUjJWu8b7W2ar4VX8M7y8JpqRCprjslJ3dME5pLlAaykHrVuBnpl2AMoxyHLphrjED2ocutiyVIFC3i3HWoXdgldhLUmWfNN5Y/blRgNB6ICI7KcD09Kw3Ev/zWrlJTtoFk1luUNLJR0nOPZN6o8O9mCmkhg8sAaqYzerRHiigxtbjuqFCiY80FQJkXIQJCMYHMSaQczMsQp1881+BNMhxotEteujaLoPZ5v6S5lE1qFfrV7XK6fm01RLZI/vkkATkmJySC3JJGoSSLnkiz+TFeXXenHfnYzI650x3dsgvOJ9fAcqqhg==</latexit>

e
4

<latexit sha1_base64="ENP6dn0tyMpC3YtYeq7zwocGEEk=">AAACMXicbVDLSsNAFJ3UV43P6kZwEyyCq5KIVJeCoC4rWi00pdxMbtqhM5MwM1FK6Ce41Q/xa7oTt/6E01rB14GBwzn3MueeKONMG98fO6W5+YXFpfKyu7K6tr6xWdm61WmuKDZpylPVikAjZxKbhhmOrUwhiIjjXTQ4m/h396g0S+WNGWbYEdCTLGEUjJWuL7qsu1n1a/4U3l8SzEiVzNDoVpydME5pLlAaykHrduBnplOAMoxyHLlhrjEDOoAeti2VIFB3imnWkbdvldhLUmWfNN5U/b5RgNB6KCI7KcD09W9vIv7ntXOTnHQKJrPcoKSfHyU590zqTQ73YqaQGj60BKhiNqtH+6CAGluP64YKJT7QVAiQcREmIBgfxphAzs2oCHXyxX8E0iCniSa36JFruwx+N/eX3B7WgnqtfnVUPT2ftVomu2SPHJCAHJNTckkapEko6ZFH8kSenRdn7Lw6b5+jJWe2s01+wHn/ACyXqp4=</latexit>

Gi
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QCP

NFL
G

0 0.5

0

1

e2/e2
∗,ε=1

g 2
/g

2
∗
,
ε
=
1

1

<latexit sha1_base64="TJz2Ciyu+do8q+2KSnfuFKhCP4M=">AAACMXicbVDLSsNAFJ34rPHV6kZwEyyCq5IUqS4LgrisaFVoqtxMburQmUmYmSgl9BPc6of4Nd2JW3/C6UPwdWDgcM69zLknyjjTxvdHztz8wuLScmnFXV1b39gsV7audJorim2a8lTdRKCRM4ltwwzHm0whiIjjddQ/GfvXD6g0S+WlGWTYFdCTLGEUjJUu8LZ+V676NX8C7y8JZqRKZmjdVZydME5pLlAaykHrTuBnpluAMoxyHLphrjED2ocediyVIFB3i0nWobdvldhLUmWfNN5E/b5RgNB6ICI7KcDc69/eWPzP6+QmOe4WTGa5QUmnHyU590zqjQ/3YqaQGj6wBKhiNqtH70EBNbYe1w0VSnykqRAg4yJMQDA+iDGBnJthEerki/8IpEFOEo1v0UPXdhn8bu4vuarXgkatcX5YbZ7OWi2RXbJHDkhAjkiTnJEWaRNKeuSJPJMX59UZOW/O+3R0zpntbJMfcD4+Af4lqoQ=</latexit>

e
2

<latexit sha1_base64="zytKEuoBYvq2KaobXXwYtHLrcuQ=">AAACMXicbVDLSsNAFJ3UV43P6kZwEyyCq5IUqS4FQV1WtFpoSrmZ3NShM5MwM1FK6Ce41Q/xa7oTt/6E01rB14GBwzn3MueeKONMG98fO6W5+YXFpfKyu7K6tr6xWdm60WmuKLZoylPVjkAjZxJbhhmO7UwhiIjjbTQ4nfi396g0S+W1GWbYFdCXLGEUjJWuznv13mbVr/lTeH9JMCNVMkOzV3F2wjiluUBpKAetO4GfmW4ByjDKceSGucYM6AD62LFUgkDdLaZZR96+VWIvSZV90nhT9ftGAULroYjspABzp397E/E/r5Ob5LhbMJnlBiX9/CjJuWdSb3K4FzOF1PChJUAVs1k9egcKqLH1uG6oUOIDTYUAGRdhAoLxYYwJ5NyMilAnX/xHIA1ymmhyix65tsvgd3N/yU29FjRqjcvD6snZrNUy2SV75IAE5IickAvSJC1CSZ88kify7Lw4Y+fVefscLTmznW3yA877B8nrqmc=</latexit>

G2

<latexit sha1_base64="As+f7m7TUH8neqrU5rd6ClZkCAU="></latexit>

N > Nc ≈ 2

[LJ & Herbut, PRB ’17]
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<latexit sha1_base64="TJz2Ciyu+do8q+2KSnfuFKhCP4M=">AAACMXicbVDLSsNAFJ34rPHV6kZwEyyCq5IUqS4LgrisaFVoqtxMburQmUmYmSgl9BPc6of4Nd2JW3/C6UPwdWDgcM69zLknyjjTxvdHztz8wuLScmnFXV1b39gsV7audJorim2a8lTdRKCRM4ltwwzHm0whiIjjddQ/GfvXD6g0S+WlGWTYFdCTLGEUjJUu8LZ+V676NX8C7y8JZqRKZmjdVZydME5pLlAaykHrTuBnpluAMoxyHLphrjED2ocediyVIFB3i0nWobdvldhLUmWfNN5E/b5RgNB6ICI7KcDc69/eWPzP6+QmOe4WTGa5QUmnHyU590zqjQ/3YqaQGj6wBKhiNqtH70EBNbYe1w0VSnykqRAg4yJMQDA+iDGBnJthEerki/8IpEFOEo1v0UPXdhn8bu4vuarXgkatcX5YbZ7OWi2RXbJHDkhAjkiTnJEWaRNKeuSJPJMX59UZOW/O+3R0zpntbJMfcD4+Af4lqoQ=</latexit>

e
2

<latexit sha1_base64="zytKEuoBYvq2KaobXXwYtHLrcuQ=">AAACMXicbVDLSsNAFJ3UV43P6kZwEyyCq5IUqS4FQV1WtFpoSrmZ3NShM5MwM1FK6Ce41Q/xa7oTt/6E01rB14GBwzn3MueeKONMG98fO6W5+YXFpfKyu7K6tr6xWdm60WmuKLZoylPVjkAjZxJbhhmO7UwhiIjjbTQ4nfi396g0S+W1GWbYFdCXLGEUjJWuznv13mbVr/lTeH9JMCNVMkOzV3F2wjiluUBpKAetO4GfmW4ByjDKceSGucYM6AD62LFUgkDdLaZZR96+VWIvSZV90nhT9ftGAULroYjspABzp397E/E/r5Ob5LhbMJnlBiX9/CjJuWdSb3K4FzOF1PChJUAVs1k9egcKqLH1uG6oUOIDTYUAGRdhAoLxYYwJ5NyMilAnX/xHIA1ymmhyix65tsvgd3N/yU29FjRqjcvD6snZrNUy2SV75IAE5IickAvSJC1CSZ88kify7Lw4Y+fVefscLTmznW3yA877B8nrqmc=</latexit>

G2

<latexit sha1_base64="7iMUNuro/B8lIN4E0f1iY06QX5M="></latexit>

N = Nc ≈ 2

[LJ & Herbut, PRB ’17]
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<latexit sha1_base64="TJz2Ciyu+do8q+2KSnfuFKhCP4M=">AAACMXicbVDLSsNAFJ34rPHV6kZwEyyCq5IUqS4LgrisaFVoqtxMburQmUmYmSgl9BPc6of4Nd2JW3/C6UPwdWDgcM69zLknyjjTxvdHztz8wuLScmnFXV1b39gsV7audJorim2a8lTdRKCRM4ltwwzHm0whiIjjddQ/GfvXD6g0S+WlGWTYFdCTLGEUjJUu8LZ+V676NX8C7y8JZqRKZmjdVZydME5pLlAaykHrTuBnpluAMoxyHLphrjED2ocediyVIFB3i0nWobdvldhLUmWfNN5E/b5RgNB6ICI7KcDc69/eWPzP6+QmOe4WTGa5QUmnHyU590zqjQ/3YqaQGj6wBKhiNqtH70EBNbYe1w0VSnykqRAg4yJMQDA+iDGBnJthEerki/8IpEFOEo1v0UPXdhn8bu4vuarXgkatcX5YbZ7OWi2RXbJHDkhAjkiTnJEWaRNKeuSJPJMX59UZOW/O+3R0zpntbJMfcD4+Af4lqoQ=</latexit>

e
2

<latexit sha1_base64="zytKEuoBYvq2KaobXXwYtHLrcuQ=">AAACMXicbVDLSsNAFJ3UV43P6kZwEyyCq5IUqS4FQV1WtFpoSrmZ3NShM5MwM1FK6Ce41Q/xa7oTt/6E01rB14GBwzn3MueeKONMG98fO6W5+YXFpfKyu7K6tr6xWdm60WmuKLZoylPVjkAjZxJbhhmO7UwhiIjjbTQ4nfi396g0S+W1GWbYFdCXLGEUjJWuznv13mbVr/lTeH9JMCNVMkOzV3F2wjiluUBpKAetO4GfmW4ByjDKceSGucYM6AD62LFUgkDdLaZZR96+VWIvSZV90nhT9ftGAULroYjspABzp397E/E/r5Ob5LhbMJnlBiX9/CjJuWdSb3K4FzOF1PChJUAVs1k9egcKqLH1uG6oUOIDTYUAGRdhAoLxYYwJ5NyMilAnX/xHIA1ymmhyix65tsvgd3N/yU29FjRqjcvD6snZrNUy2SV75IAE5IickAvSJC1CSZ88kify7Lw4Y+fVefscLTmznW3yA877B8nrqmc=</latexit>
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Figure 8. (a) Schematic f㘶xed-point structure of the QED3-Gross–Neveu model in the space spanned by the couplings e2, G1, and G2.
Arrows indicate f㘶ow toward infrared. For suff㘶ciently large N, the infrared attractive plane e2 e2 hosts a fully infrared stable f㘶xed point
(cQED3), associated with the conformal phase of QED3, representing the U(1) Dirac spin liquid state in the kagome Heisenberg spin-1/2
model. In addition, the plane features two quantum critical f㘶xed points, associated with instabilities toward 2 time reversal symmetry
breaking (QCPIsing) and SU(2N) f㘶avor symmetry breaking (QCPf㘶avor) ground states, respectively. On the kagome lattice, the former can be
understood as chiral spin liquid, while the latter is expected to realize valence bond solid order. The critical manifold with respect to time
reversal symmetry breaking (f㘶avor symmetry breaking) is indicated in blue (green). For decreasing N, cQED3 and QCPf㘶avor approach each
other and eventually collide at a critical f㘶avor number Nc. (b) RG f㘶ow diagram for N 7 in the plane e2 e2 spanned by the four-fermion
couplings G1 and G2, indicating the locations of the infrared stable cQED3 f㘶xed point and the quantum critical QCPIsing and QCPf㘶avor f㘶xed
points. (c) Same as (b), but for the critical f㘶avor number N Nc 6 24, indicating the f㘶xed-point collision. (d) Same as (b), but for N 2,
relevant for the extended Heisenberg spin-1/2 model on the kagome lattice. The absence of the cQED3 f㘶xed point implies that the U(1)
Dirac spin liquid is unstable and the QCPIsing f㘶xed point governs a direct continuous transition between valence bond solid order and a
time-reversal-symmetry-breaking chiral spin liquid.

Figure 9. (a) Kagome lattice, indicating f㘶rst (J1), second (J2), and third (J3) neighbors. (b) Schematic f㘶nite-temperature phase diagram of
kagome Heisenberg model as function of J2 J1 J3 J1, from RG analysis of effective QED3-Gross–Neveu model. The gapped chiral
spin liquid (CSL) breaks time reversal. Solid (dashed) lines denote phase transitions (crossovers). The disordered gapless Dirac spin liquid
(DSL) is unstable at low temperatures toward a valence bond solid (VBS), leaving behind a continuous zero-temperature transition between
distinct orders.

reduce the number, but most analytical estimates [57, 59, 91,
93, 94] appear to suggest that the f㘶xed-point collision and
annihilation occurs above the physical number N 2 relev-
ant for the kagome quantum magnets. (We emphasize, how-
ever, that we are not aware of clear numerical evidence for
the scenario in an unbiased simulation of the QED3-Gross–
Neveu model, such as Monte Carlo [95, 96].) If indeed Nc 2
in the QED3-Gross–Neveu model, it implies for the extended
Heisenberg spin-1/2 model on the kagome lattice that (1) the
U(1) Dirac spin liquid becomes unstable at the lowest temper-
atures toward a valence bond solid ordered ground state and
(2) the quantum phase transition between the valence bond
solid, stabilized for 0.4, and the chiral spin liquid, stabil-
ized for 0.4, is continuous and governed by the QCPIsing
f㘶xed point. The resulting schematic phase diagram is depic-
ted in f㘶gure 9(b). An explicit computation of the OPs across
the order-to-order transitionwould require introducing the cor-
responding Hubbard–Stratonovich f㘶elds within the dynam-
ical bosonization framework of section 2, which we leave for
future work.

4. Conclusions

We have proposed a mechanism for generic continuous order-
to-order quantum phase transitions that operates independ-
ently of fractionalization. This mechanism is based on the
collision and annihilation of two RG f㘶xed points, and may
be realized in pyrochlore iridates and kagome quantum mag-
nets. Further possible realizations in quantum impurity models
and quantum chromodynamics with additional four-fermion
interactions are discussed in appendix D. A distinctive exper-
imental or numerical signature of the mechanism is a pro-
nounced asymmetry in the effective energy scales between
the two sides of the transition, characterized by a signif㘶cantly
lower critical temperature and a much smaller OP on the side
where the order emerges from f㘶xed-point annihilation.

The f㘶xed-point annihilation mechanism responsible for the
continuous order-to-order transition, discussed in this work,
should be contrasted with previously discussed scenarios,
where f㘶xed-point annihilation gives rise to weak f㘶rst-order
transitions [43, 52, 56, 60]. Such a scenario has recently been
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Figure 8. (a) Schematic f㘶xed-point structure of the QED3-Gross–Neveu model in the space spanned by the couplings e2, G1, and G2.
Arrows indicate f㘶ow toward infrared. For suff㘶ciently large N, the infrared attractive plane e2 e2 hosts a fully infrared stable f㘶xed point
(cQED3), associated with the conformal phase of QED3, representing the U(1) Dirac spin liquid state in the kagome Heisenberg spin-1/2
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breaking (QCPIsing) and SU(2N) f㘶avor symmetry breaking (QCPf㘶avor) ground states, respectively. On the kagome lattice, the former can be
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reversal symmetry breaking (f㘶avor symmetry breaking) is indicated in blue (green). For decreasing N, cQED3 and QCPf㘶avor approach each
other and eventually collide at a critical f㘶avor number Nc. (b) RG f㘶ow diagram for N 7 in the plane e2 e2 spanned by the four-fermion
couplings G1 and G2, indicating the locations of the infrared stable cQED3 f㘶xed point and the quantum critical QCPIsing and QCPf㘶avor f㘶xed
points. (c) Same as (b), but for the critical f㘶avor number N Nc 6 24, indicating the f㘶xed-point collision. (d) Same as (b), but for N 2,
relevant for the extended Heisenberg spin-1/2 model on the kagome lattice. The absence of the cQED3 f㘶xed point implies that the U(1)
Dirac spin liquid is unstable and the QCPIsing f㘶xed point governs a direct continuous transition between valence bond solid order and a
time-reversal-symmetry-breaking chiral spin liquid.

Figure 9. (a) Kagome lattice, indicating f㘶rst (J1), second (J2), and third (J3) neighbors. (b) Schematic f㘶nite-temperature phase diagram of
kagome Heisenberg model as function of J2 J1 J3 J1, from RG analysis of effective QED3-Gross–Neveu model. The gapped chiral
spin liquid (CSL) breaks time reversal. Solid (dashed) lines denote phase transitions (crossovers). The disordered gapless Dirac spin liquid
(DSL) is unstable at low temperatures toward a valence bond solid (VBS), leaving behind a continuous zero-temperature transition between
distinct orders.
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ever, that we are not aware of clear numerical evidence for
the scenario in an unbiased simulation of the QED3-Gross–
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in the QED3-Gross–Neveu model, it implies for the extended
Heisenberg spin-1/2 model on the kagome lattice that (1) the
U(1) Dirac spin liquid becomes unstable at the lowest temper-
atures toward a valence bond solid ordered ground state and
(2) the quantum phase transition between the valence bond
solid, stabilized for 0.4, and the chiral spin liquid, stabil-
ized for 0.4, is continuous and governed by the QCPIsing
f㘶xed point. The resulting schematic phase diagram is depic-
ted in f㘶gure 9(b). An explicit computation of the OPs across
the order-to-order transitionwould require introducing the cor-
responding Hubbard–Stratonovich f㘶elds within the dynam-
ical bosonization framework of section 2, which we leave for
future work.

4. Conclusions

We have proposed a mechanism for generic continuous order-
to-order quantum phase transitions that operates independ-
ently of fractionalization. This mechanism is based on the
collision and annihilation of two RG f㘶xed points, and may
be realized in pyrochlore iridates and kagome quantum mag-
nets. Further possible realizations in quantum impurity models
and quantum chromodynamics with additional four-fermion
interactions are discussed in appendix D. A distinctive exper-
imental or numerical signature of the mechanism is a pro-
nounced asymmetry in the effective energy scales between
the two sides of the transition, characterized by a signif㘶cantly
lower critical temperature and a much smaller OP on the side
where the order emerges from f㘶xed-point annihilation.

The f㘶xed-point annihilation mechanism responsible for the
continuous order-to-order transition, discussed in this work,
should be contrasted with previously discussed scenarios,
where f㘶xed-point annihilation gives rise to weak f㘶rst-order
transitions [43, 52, 56, 60]. Such a scenario has recently been

15



Rep. Prog. Phys. 88 (2025) 098001 D J Moser and L Janssen

Figure 8. (a) Schematic f㘶xed-point structure of the QED3-Gross–Neveu model in the space spanned by the couplings e2, G1, and G2.
Arrows indicate f㘶ow toward infrared. For suff㘶ciently large N, the infrared attractive plane e2 e2 hosts a fully infrared stable f㘶xed point
(cQED3), associated with the conformal phase of QED3, representing the U(1) Dirac spin liquid state in the kagome Heisenberg spin-1/2
model. In addition, the plane features two quantum critical f㘶xed points, associated with instabilities toward 2 time reversal symmetry
breaking (QCPIsing) and SU(2N) f㘶avor symmetry breaking (QCPf㘶avor) ground states, respectively. On the kagome lattice, the former can be
understood as chiral spin liquid, while the latter is expected to realize valence bond solid order. The critical manifold with respect to time
reversal symmetry breaking (f㘶avor symmetry breaking) is indicated in blue (green). For decreasing N, cQED3 and QCPf㘶avor approach each
other and eventually collide at a critical f㘶avor number Nc. (b) RG f㘶ow diagram for N 7 in the plane e2 e2 spanned by the four-fermion
couplings G1 and G2, indicating the locations of the infrared stable cQED3 f㘶xed point and the quantum critical QCPIsing and QCPf㘶avor f㘶xed
points. (c) Same as (b), but for the critical f㘶avor number N Nc 6 24, indicating the f㘶xed-point collision. (d) Same as (b), but for N 2,
relevant for the extended Heisenberg spin-1/2 model on the kagome lattice. The absence of the cQED3 f㘶xed point implies that the U(1)
Dirac spin liquid is unstable and the QCPIsing f㘶xed point governs a direct continuous transition between valence bond solid order and a
time-reversal-symmetry-breaking chiral spin liquid.

Figure 9. (a) Kagome lattice, indicating f㘶rst (J1), second (J2), and third (J3) neighbors. (b) Schematic f㘶nite-temperature phase diagram of
kagome Heisenberg model as function of J2 J1 J3 J1, from RG analysis of effective QED3-Gross–Neveu model. The gapped chiral
spin liquid (CSL) breaks time reversal. Solid (dashed) lines denote phase transitions (crossovers). The disordered gapless Dirac spin liquid
(DSL) is unstable at low temperatures toward a valence bond solid (VBS), leaving behind a continuous zero-temperature transition between
distinct orders.

reduce the number, but most analytical estimates [57, 59, 91,
93, 94] appear to suggest that the f㘶xed-point collision and
annihilation occurs above the physical number N 2 relev-
ant for the kagome quantum magnets. (We emphasize, how-
ever, that we are not aware of clear numerical evidence for
the scenario in an unbiased simulation of the QED3-Gross–
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Spin-1/2 in fluctuating field:
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