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S Our work

・Anomalous transport based on the dilaton effective theory 

S Summary
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• Anomalous transport 
- from chiral symmetry 
- from scale symmetry 



1. Introduction
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QCD with Nf-flavor light quarks

approximately U(Nf)L x U(Nf)R invariant at the classical level 

*  mass term(                     ) can approximately be neglected:   

Chiral transform

Chiral/axial current

strong coupling scale  at which
dynamical mass of                     is generated  

QCD Lagrangian

Jaµ
A = q̄f�µ�5T

aqf
<latexit sha1_base64="sa47lmSwZ8vyGzg37Fx7diBywNo="></latexit><latexit sha1_base64="sa47lmSwZ8vyGzg37Fx7diBywNo="></latexit><latexit sha1_base64="sa47lmSwZ8vyGzg37Fx7diBywNo="></latexit><latexit sha1_base64="sa47lmSwZ8vyGzg37Fx7diBywNo="></latexit>

@µJ
aµ
A = 0

<latexit sha1_base64="HvCxtQ8EXIupZU3LdlHPmJqnkuA="></latexit><latexit sha1_base64="HvCxtQ8EXIupZU3LdlHPmJqnkuA="></latexit><latexit sha1_base64="HvCxtQ8EXIupZU3LdlHPmJqnkuA="></latexit><latexit sha1_base64="HvCxtQ8EXIupZU3LdlHPmJqnkuA="></latexit>
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U(1)A (axial) symmetry is broken 
by gluon config:   “U(1)A anomaly”

U(1)A anomaly

@µj
µ
A = �g2sNf

16⇡2
✏µ⌫⇢�tr[Gµ⌫G⇢�]

<latexit sha1_base64="laDNR3eAbXzOedFgVFBZ+UsOeGs="></latexit><latexit sha1_base64="laDNR3eAbXzOedFgVFBZ+UsOeGs="></latexit><latexit sha1_base64="laDNR3eAbXzOedFgVFBZ+UsOeGs="></latexit><latexit sha1_base64="laDNR3eAbXzOedFgVFBZ+UsOeGs="></latexit>

where : “pseudo”-gluon field strength
parity(P)-odd 

: the isosinglet axial current jµA
<latexit sha1_base64="VpFpga2cpgANSlK8FYB8OD18RLY="></latexit><latexit sha1_base64="VpFpga2cpgANSlK8FYB8OD18RLY="></latexit><latexit sha1_base64="VpFpga2cpgANSlK8FYB8OD18RLY="></latexit><latexit sha1_base64="VpFpga2cpgANSlK8FYB8OD18RLY="></latexit>

Remarks

• Note: the anomaly form is exact at one-loop order of  perturbation.

• The breaking of  U(1)A means the left-right fermion number violation: 

where L, R number operators
(Noether’s charges)

See, e.g. Adler,  arXiv:0405040
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U(1)A anomaly

@µj
µ
A = �g2sNf

16⇡2
✏µ⌫⇢�tr[Gµ⌫G⇢�]
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@µj
µ
A = �g2sNf

16⇡2
✏µ⌫⇢�tr[Gµ⌫G⇢�]�

Nce2

32⇡2
✏µ⌫⇢�Fµ⌫F⇢�tr[Q

2],
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By adding the electromagnetic field… 

The electromagnetic field contributes to U(1)A anomaly.

→ EM fields induce the anomalous transport involving 
the nontrivial nature of  QCD vacuum.    

Aµ
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Aµ
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or

or

U(1)A (axial) symmetry is broken 
by gluon config:   “U(1)A anomaly”
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QCD θ-term

To access the nontrivial nature of QCD vacuum, 
one adds QCD θ-term to the QCD Lagrangian. L✓ =

Z
d4x✓(x)

g2s
32⇡2

✏µ⌫⇢�tr[Gµ⌫G⇢�]
<latexit sha1_base64="AUlWsK0Reg94npko3p3yokQr3kw="></latexit><latexit sha1_base64="AUlWsK0Reg94npko3p3yokQr3kw="></latexit><latexit sha1_base64="AUlWsK0Reg94npko3p3yokQr3kw="></latexit><latexit sha1_base64="AUlWsK0Reg94npko3p3yokQr3kw="></latexit>

The finiteness of  the   -parameter indicates
that the QCD system is put in the CP violation domain.

✓
<latexit sha1_base64="kvH4cas2m7emYF/3XKnbogvBnbk="></latexit><latexit sha1_base64="kvH4cas2m7emYF/3XKnbogvBnbk="></latexit><latexit sha1_base64="kvH4cas2m7emYF/3XKnbogvBnbk="></latexit><latexit sha1_base64="kvH4cas2m7emYF/3XKnbogvBnbk="></latexit>
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QCD θ-term

The θ parameter is promoted to the background field θ(x).

Because…
・In heavy ion collision experiments, the hot QCD medium is created at the time scale of

O(1–10) fm after the collision. 

・Theta parameter depends on the finite temperature.

・θ parameter may get the position-time dependence in the high temperature system.

To access the nontrivial nature of  QCD vacuum, 
one adds QCD θ-term to the QCD Lagrangian. L✓ =

Z
d4x✓(x)

g2s
32⇡2

✏µ⌫⇢�tr[Gµ⌫G⇢�]
<latexit sha1_base64="AUlWsK0Reg94npko3p3yokQr3kw="></latexit><latexit sha1_base64="AUlWsK0Reg94npko3p3yokQr3kw="></latexit><latexit sha1_base64="AUlWsK0Reg94npko3p3yokQr3kw="></latexit><latexit sha1_base64="AUlWsK0Reg94npko3p3yokQr3kw="></latexit>

Nucl. Phys. A 797, 67 (2007). Nucl. Phys. A 803, 227 (2008).
Phys. Rev. D 78, 074033 (2008). Phys. Lett. B 710, 230 (2012).
Eur. Phys. J. C 73, 2294 (2013).

In heavy ion collision…
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QCD θ-term

To access the nontrivial nature of QCD vacuum, 
one adds QCD θ-term to the QCD Lagrangian. L✓ =

Z
d4x✓(x)

g2s
32⇡2

✏µ⌫⇢�tr[Gµ⌫G⇢�]
<latexit sha1_base64="AUlWsK0Reg94npko3p3yokQr3kw="></latexit><latexit sha1_base64="AUlWsK0Reg94npko3p3yokQr3kw="></latexit><latexit sha1_base64="AUlWsK0Reg94npko3p3yokQr3kw="></latexit><latexit sha1_base64="AUlWsK0Reg94npko3p3yokQr3kw="></latexit>

By inserting U(1)A anomaly with EM fields…  

@µj
µ
A = �g2sNf

16⇡2
✏µ⌫⇢�tr[Gµ⌫G⇢�]

� Nce2

32⇡2
✏µ⌫⇢�Fµ⌫F⇢�tr[Q

2]
<latexit sha1_base64="5A8gcFNV8i5xne2II+vSH8Aznzo="></latexit><latexit sha1_base64="5A8gcFNV8i5xne2II+vSH8Aznzo="></latexit><latexit sha1_base64="5A8gcFNV8i5xne2II+vSH8Aznzo="></latexit><latexit sha1_base64="5A8gcFNV8i5xne2II+vSH8Aznzo="></latexit>
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QCD θ-term

To access the nontrivial nature of  QCD vacuum, 
one adds QCD θ-term to the QCD Lagrangian.

L✓ =

Z
d4x✓(x)

�1

2Nf
@µj

µ
A

+

Z
d4x✓(x)

�Nce2

64⇡2Nf
✏µ⌫⇢�Fµ⌫F⇢�tr[Q

2]
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L✓ =

Z
d4x✓(x)

g2s
32⇡2

✏µ⌫⇢�tr[Gµ⌫G⇢�]
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By inserting U(1)A anomaly with EM fields…  

@µj
µ
A = �g2sNf

16⇡2
✏µ⌫⇢�tr[Gµ⌫G⇢�]

� Nce2

32⇡2
✏µ⌫⇢�Fµ⌫F⇢�tr[Q

2]
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QCD θ-term

To access the nontrivial nature of QCD vacuum, 
one adds QCD θ-term to the QCD Lagrangian.

L✓ =

Z
d4x✓(x)

�1

2Nf
@µj

µ
A

+

Z
d4x✓(x)

�Nce2

64⇡2Nf
✏µ⌫⇢�Fµ⌫F⇢�tr[Q

2]
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L✓ =

Z
d4x✓(x)

g2s
32⇡2

✏µ⌫⇢�tr[Gµ⌫G⇢�]
<latexit sha1_base64="AUlWsK0Reg94npko3p3yokQr3kw="></latexit><latexit sha1_base64="AUlWsK0Reg94npko3p3yokQr3kw="></latexit><latexit sha1_base64="AUlWsK0Reg94npko3p3yokQr3kw="></latexit><latexit sha1_base64="AUlWsK0Reg94npko3p3yokQr3kw="></latexit>

QCD Lagrangian gets the parity-odd electromagnetic terms 
via QCD θ-term along with U(1)A anomaly. 

By inserting U(1)A anomaly with EM fields…  

@µj
µ
A = �g2sNf

16⇡2
✏µ⌫⇢�tr[Gµ⌫G⇢�]

� Nce2

32⇡2
✏µ⌫⇢�Fµ⌫F⇢�tr[Q

2]
<latexit sha1_base64="5A8gcFNV8i5xne2II+vSH8Aznzo="></latexit><latexit sha1_base64="5A8gcFNV8i5xne2II+vSH8Aznzo="></latexit><latexit sha1_base64="5A8gcFNV8i5xne2II+vSH8Aznzo="></latexit><latexit sha1_base64="5A8gcFNV8i5xne2II+vSH8Aznzo="></latexit>
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Anomalous transports from the chiral 
symmetry

L✓ =

Z
d4x✓(x)

�1

2Nf
@µj

µ
A

+

Z
d4x✓(x)

�Nce2

64⇡2Nf
✏µ⌫⇢�Fµ⌫F⇢�tr[Q

2]
<latexit sha1_base64="RLeQA7y+aH7sVOYGtLSgx07Dawg="></latexit><latexit sha1_base64="RLeQA7y+aH7sVOYGtLSgx07Dawg="></latexit><latexit sha1_base64="RLeQA7y+aH7sVOYGtLSgx07Dawg="></latexit><latexit sha1_base64="RLeQA7y+aH7sVOYGtLSgx07Dawg="></latexit>

QCD Lagrangian has the parity-odd electromagnetic terms. 

@µ✓(x)

2Nf
= µA�µ0

<latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="Kk0CIkYD5B1Pw1ggXs8fAyxEkVY="></latexit><latexit sha1_base64="Kk0CIkYD5B1Pw1ggXs8fAyxEkVY="></latexit><latexit sha1_base64="/TME0d7hLAnmLGytthzQAOMMyvA="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="Kk0CIkYD5B1Pw1ggXs8fAyxEkVY="></latexit><latexit sha1_base64="Kk0CIkYD5B1Pw1ggXs8fAyxEkVY="></latexit><latexit sha1_base64="/TME0d7hLAnmLGytthzQAOMMyvA="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit>

Vµ = µV �µ0 +Aµ
<latexit sha1_base64="fIcbXDR7EYMKBP6MC58xI/AlDEs="></latexit><latexit sha1_base64="fIcbXDR7EYMKBP6MC58xI/AlDEs="></latexit><latexit sha1_base64="fIcbXDR7EYMKBP6MC58xI/AlDEs="></latexit><latexit sha1_base64="fIcbXDR7EYMKBP6MC58xI/AlDEs="></latexit>

Fµ⌫ = @µV⌫ � @⌫Vµ
<latexit sha1_base64="9/lzxaI5Xrb6H5qTlEBdkoZkLwU="></latexit><latexit sha1_base64="9/lzxaI5Xrb6H5qTlEBdkoZkLwU="></latexit><latexit sha1_base64="9/lzxaI5Xrb6H5qTlEBdkoZkLwU="></latexit><latexit sha1_base64="9/lzxaI5Xrb6H5qTlEBdkoZkLwU="></latexit>
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Anomalous transports from the chiral 
symmetry

L✓ =

Z
d4x✓(x)

�1

2Nf
@µj

µ
A

+

Z
d4x✓(x)

�Nce2

64⇡2Nf
✏µ⌫⇢�Fµ⌫F⇢�tr[Q

2]
<latexit sha1_base64="RLeQA7y+aH7sVOYGtLSgx07Dawg="></latexit><latexit sha1_base64="RLeQA7y+aH7sVOYGtLSgx07Dawg="></latexit><latexit sha1_base64="RLeQA7y+aH7sVOYGtLSgx07Dawg="></latexit><latexit sha1_base64="RLeQA7y+aH7sVOYGtLSgx07Dawg="></latexit>

QCD Lagrangian has the parity-odd electromagnetic terms. 

@µ✓(x)

2Nf
= µA�µ0

<latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="Kk0CIkYD5B1Pw1ggXs8fAyxEkVY="></latexit><latexit sha1_base64="Kk0CIkYD5B1Pw1ggXs8fAyxEkVY="></latexit><latexit sha1_base64="/TME0d7hLAnmLGytthzQAOMMyvA="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="Kk0CIkYD5B1Pw1ggXs8fAyxEkVY="></latexit><latexit sha1_base64="Kk0CIkYD5B1Pw1ggXs8fAyxEkVY="></latexit><latexit sha1_base64="/TME0d7hLAnmLGytthzQAOMMyvA="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit>

Vµ = µV �µ0 +Aµ
<latexit sha1_base64="fIcbXDR7EYMKBP6MC58xI/AlDEs="></latexit><latexit sha1_base64="fIcbXDR7EYMKBP6MC58xI/AlDEs="></latexit><latexit sha1_base64="fIcbXDR7EYMKBP6MC58xI/AlDEs="></latexit><latexit sha1_base64="fIcbXDR7EYMKBP6MC58xI/AlDEs="></latexit>

Fµ⌫ = @µV⌫ � @⌫Vµ
<latexit sha1_base64="9/lzxaI5Xrb6H5qTlEBdkoZkLwU="></latexit><latexit sha1_base64="9/lzxaI5Xrb6H5qTlEBdkoZkLwU="></latexit><latexit sha1_base64="9/lzxaI5Xrb6H5qTlEBdkoZkLwU="></latexit><latexit sha1_base64="9/lzxaI5Xrb6H5qTlEBdkoZkLwU="></latexit>

Electromagnetic field 
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Anomalous transports from the chiral 
symmetry

L✓ =

Z
d4x✓(x)

�1

2Nf
@µj

µ
A

+

Z
d4x✓(x)

�Nce2

64⇡2Nf
✏µ⌫⇢�Fµ⌫F⇢�tr[Q

2]
<latexit sha1_base64="RLeQA7y+aH7sVOYGtLSgx07Dawg="></latexit><latexit sha1_base64="RLeQA7y+aH7sVOYGtLSgx07Dawg="></latexit><latexit sha1_base64="RLeQA7y+aH7sVOYGtLSgx07Dawg="></latexit><latexit sha1_base64="RLeQA7y+aH7sVOYGtLSgx07Dawg="></latexit>

QCD Lagrangian has the parity-odd electromagnetic terms. 

@µ✓(x)

2Nf
= µA�µ0

<latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="Kk0CIkYD5B1Pw1ggXs8fAyxEkVY="></latexit><latexit sha1_base64="Kk0CIkYD5B1Pw1ggXs8fAyxEkVY="></latexit><latexit sha1_base64="/TME0d7hLAnmLGytthzQAOMMyvA="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="Kk0CIkYD5B1Pw1ggXs8fAyxEkVY="></latexit><latexit sha1_base64="Kk0CIkYD5B1Pw1ggXs8fAyxEkVY="></latexit><latexit sha1_base64="/TME0d7hLAnmLGytthzQAOMMyvA="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit>

Vµ = µV �µ0 +Aµ
<latexit sha1_base64="fIcbXDR7EYMKBP6MC58xI/AlDEs="></latexit><latexit sha1_base64="fIcbXDR7EYMKBP6MC58xI/AlDEs="></latexit><latexit sha1_base64="fIcbXDR7EYMKBP6MC58xI/AlDEs="></latexit><latexit sha1_base64="fIcbXDR7EYMKBP6MC58xI/AlDEs="></latexit>

Fµ⌫ = @µV⌫ � @⌫Vµ
<latexit sha1_base64="9/lzxaI5Xrb6H5qTlEBdkoZkLwU="></latexit><latexit sha1_base64="9/lzxaI5Xrb6H5qTlEBdkoZkLwU="></latexit><latexit sha1_base64="9/lzxaI5Xrb6H5qTlEBdkoZkLwU="></latexit><latexit sha1_base64="9/lzxaI5Xrb6H5qTlEBdkoZkLwU="></latexit>

Electromagnetic field 

dense medium is createdµV 6= 0
<latexit sha1_base64="uz12XO428dnDA61CdqyQBd6wIkM="></latexit><latexit sha1_base64="uz12XO428dnDA61CdqyQBd6wIkM="></latexit><latexit sha1_base64="uz12XO428dnDA61CdqyQBd6wIkM="></latexit><latexit sha1_base64="uz12XO428dnDA61CdqyQBd6wIkM="></latexit>

chiral imbalance medium is created µA 6= 0
<latexit sha1_base64="B7ugMnAgrk26DBnSRtJ5p9DrH04="></latexit><latexit sha1_base64="B7ugMnAgrk26DBnSRtJ5p9DrH04="></latexit><latexit sha1_base64="B7ugMnAgrk26DBnSRtJ5p9DrH04="></latexit><latexit sha1_base64="B7ugMnAgrk26DBnSRtJ5p9DrH04="></latexit>

: Baryon chemical potential 

: Chiral chemical potential

µV
<latexit sha1_base64="lutmJrOn6+sbcaCIcApLGA03KS0=">AAACaHichVFNLwNBGH66vutrcUBcREOcmndFECeJi6OWlqSVZndNa2K/srttQuMPuDgiTiQi4me4+AMOfgKOJC4O3m43EQTvZGaeeeZ93nlmxvAsGYREDwmlpbWtvaOzK9nd09vXrw4M5gO36psiZ7qW628aeiAs6YhcKENLbHq+0G3DEhvG7nJjf6Mm/EC6znq454ktW684sixNPWQqV7SrpXxJTVGaohj/CbQYpBDHqqteoY htuDBRhQ0BByFjCzoCbgVoIHjMbaHOnM9IRvsCB0iytspZgjN0Znd5rPCqELMOrxs1g0ht8ikWd5+V45ike7qmF7qjG3qk919r1aMaDS97PBtNrfBK/Ycja2//qmyeQ+x8qv70HKKMhcirZO9exDRuYTb1tf3jl7XF7GR9ii7omf2f0wPd8g2c2qt5mRHZMyT5A7Tvz/0T5GfSGqW1zGxqaS7+ik6MYQLT/N7zWMIKVpHjcyWOcILTxJOiKsPKaDNVScSaIXwJZeIDgniLjw==</latexit><latexit sha1_base64="lutmJrOn6+sbcaCIcApLGA03KS0=">AAACaHichVFNLwNBGH66vutrcUBcREOcmndFECeJi6OWlqSVZndNa2K/srttQuMPuDgiTiQi4me4+AMOfgKOJC4O3m43EQTvZGaeeeZ93nlmxvAsGYREDwmlpbWtvaOzK9nd09vXrw4M5gO36psiZ7qW628aeiAs6YhcKENLbHq+0G3DEhvG7nJjf6Mm/EC6znq454ktW684sixNPWQqV7SrpXxJTVGaohj/CbQYpBDHqqteoY htuDBRhQ0BByFjCzoCbgVoIHjMbaHOnM9IRvsCB0iytspZgjN0Znd5rPCqELMOrxs1g0ht8ikWd5+V45ike7qmF7qjG3qk919r1aMaDS97PBtNrfBK/Ycja2//qmyeQ+x8qv70HKKMhcirZO9exDRuYTb1tf3jl7XF7GR9ii7omf2f0wPd8g2c2qt5mRHZMyT5A7Tvz/0T5GfSGqW1zGxqaS7+ik6MYQLT/N7zWMIKVpHjcyWOcILTxJOiKsPKaDNVScSaIXwJZeIDgniLjw==</latexit><latexit sha1_base64="lutmJrOn6+sbcaCIcApLGA03KS0=">AAACaHichVFNLwNBGH66vutrcUBcREOcmndFECeJi6OWlqSVZndNa2K/srttQuMPuDgiTiQi4me4+AMOfgKOJC4O3m43EQTvZGaeeeZ93nlmxvAsGYREDwmlpbWtvaOzK9nd09vXrw4M5gO36psiZ7qW628aeiAs6YhcKENLbHq+0G3DEhvG7nJjf6Mm/EC6znq454ktW684sixNPWQqV7SrpXxJTVGaohj/CbQYpBDHqqteoY htuDBRhQ0BByFjCzoCbgVoIHjMbaHOnM9IRvsCB0iytspZgjN0Znd5rPCqELMOrxs1g0ht8ikWd5+V45ike7qmF7qjG3qk919r1aMaDS97PBtNrfBK/Ycja2//qmyeQ+x8qv70HKKMhcirZO9exDRuYTb1tf3jl7XF7GR9ii7omf2f0wPd8g2c2qt5mRHZMyT5A7Tvz/0T5GfSGqW1zGxqaS7+ik6MYQLT/N7zWMIKVpHjcyWOcILTxJOiKsPKaDNVScSaIXwJZeIDgniLjw==</latexit><latexit sha1_base64="lutmJrOn6+sbcaCIcApLGA03KS0=">AAACaHichVFNLwNBGH66vutrcUBcREOcmndFECeJi6OWlqSVZndNa2K/srttQuMPuDgiTiQi4me4+AMOfgKOJC4O3m43EQTvZGaeeeZ93nlmxvAsGYREDwmlpbWtvaOzK9nd09vXrw4M5gO36psiZ7qW628aeiAs6YhcKENLbHq+0G3DEhvG7nJjf6Mm/EC6znq454ktW684sixNPWQqV7SrpXxJTVGaohj/CbQYpBDHqqteoY htuDBRhQ0BByFjCzoCbgVoIHjMbaHOnM9IRvsCB0iytspZgjN0Znd5rPCqELMOrxs1g0ht8ikWd5+V45ike7qmF7qjG3qk919r1aMaDS97PBtNrfBK/Ycja2//qmyeQ+x8qv70HKKMhcirZO9exDRuYTb1tf3jl7XF7GR9ii7omf2f0wPd8g2c2qt5mRHZMyT5A7Tvz/0T5GfSGqW1zGxqaS7+ik6MYQLT/N7zWMIKVpHjcyWOcILTxJOiKsPKaDNVScSaIXwJZeIDgniLjw==</latexit>

µA
<latexit sha1_base64="R9AhiXAnLjPJdywBxty0PfpYzq4=">AAACaHichVHLLgRBFD3T3uPVWCA2ExNiNbktglgRG8sZzJDMyKS7FSr6le6eSZj4ARtLxIpERHyGjR+w8AlYkthYuNPTiSC4lao6deqeW6eqDM+SQUj0kFCamlta29o7kp1d3T29al9/IXArvinypmu5/rqhB8KSjsiHMrTEuucL3TYssWbsLtb316rCD6TrrIZ7ntiw9W1HbklTD5nKl+xKeaGspilDUaR+Ai0GacSRddUrlL AJFyYqsCHgIGRsQUfArQgNBI+5DdSY8xnJaF/gAEnWVjhLcIbO7C6P27wqxqzD63rNIFKbfIrF3WdlCmN0T9f0Qnd0Q4/0/mutWlSj7mWPZ6OhFV6593Bo5e1flc1ziJ1P1Z+eQ2xhNvIq2bsXMfVbmA19df/4ZWVueaw2Thf0zP7P6YFu+QZO9dW8zInlMyT5A7Tvz/0TFCYzGmW03FR6fjr+inaMYBQT/N4zmMcSssjzuRJHOMFp4klRlUFluJGqJGLNAL6EMvoBWHiLeg==</latexit><latexit sha1_base64="R9AhiXAnLjPJdywBxty0PfpYzq4=">AAACaHichVHLLgRBFD3T3uPVWCA2ExNiNbktglgRG8sZzJDMyKS7FSr6le6eSZj4ARtLxIpERHyGjR+w8AlYkthYuNPTiSC4lao6deqeW6eqDM+SQUj0kFCamlta29o7kp1d3T29al9/IXArvinypmu5/rqhB8KSjsiHMrTEuucL3TYssWbsLtb316rCD6TrrIZ7ntiw9W1HbklTD5nKl+xKeaGspilDUaR+Ai0GacSRddUrlL AJFyYqsCHgIGRsQUfArQgNBI+5DdSY8xnJaF/gAEnWVjhLcIbO7C6P27wqxqzD63rNIFKbfIrF3WdlCmN0T9f0Qnd0Q4/0/mutWlSj7mWPZ6OhFV6593Bo5e1flc1ziJ1P1Z+eQ2xhNvIq2bsXMfVbmA19df/4ZWVueaw2Thf0zP7P6YFu+QZO9dW8zInlMyT5A7Tvz/0TFCYzGmW03FR6fjr+inaMYBQT/N4zmMcSssjzuRJHOMFp4klRlUFluJGqJGLNAL6EMvoBWHiLeg==</latexit><latexit sha1_base64="R9AhiXAnLjPJdywBxty0PfpYzq4=">AAACaHichVHLLgRBFD3T3uPVWCA2ExNiNbktglgRG8sZzJDMyKS7FSr6le6eSZj4ARtLxIpERHyGjR+w8AlYkthYuNPTiSC4lao6deqeW6eqDM+SQUj0kFCamlta29o7kp1d3T29al9/IXArvinypmu5/rqhB8KSjsiHMrTEuucL3TYssWbsLtb316rCD6TrrIZ7ntiw9W1HbklTD5nKl+xKeaGspilDUaR+Ai0GacSRddUrlL AJFyYqsCHgIGRsQUfArQgNBI+5DdSY8xnJaF/gAEnWVjhLcIbO7C6P27wqxqzD63rNIFKbfIrF3WdlCmN0T9f0Qnd0Q4/0/mutWlSj7mWPZ6OhFV6593Bo5e1flc1ziJ1P1Z+eQ2xhNvIq2bsXMfVbmA19df/4ZWVueaw2Thf0zP7P6YFu+QZO9dW8zInlMyT5A7Tvz/0TFCYzGmW03FR6fjr+inaMYBQT/N4zmMcSssjzuRJHOMFp4klRlUFluJGqJGLNAL6EMvoBWHiLeg==</latexit><latexit sha1_base64="R9AhiXAnLjPJdywBxty0PfpYzq4=">AAACaHichVHLLgRBFD3T3uPVWCA2ExNiNbktglgRG8sZzJDMyKS7FSr6le6eSZj4ARtLxIpERHyGjR+w8AlYkthYuNPTiSC4lao6deqeW6eqDM+SQUj0kFCamlta29o7kp1d3T29al9/IXArvinypmu5/rqhB8KSjsiHMrTEuucL3TYssWbsLtb316rCD6TrrIZ7ntiw9W1HbklTD5nKl+xKeaGspilDUaR+Ai0GacSRddUrlL AJFyYqsCHgIGRsQUfArQgNBI+5DdSY8xnJaF/gAEnWVjhLcIbO7C6P27wqxqzD63rNIFKbfIrF3WdlCmN0T9f0Qnd0Q4/0/mutWlSj7mWPZ6OhFV6593Bo5e1flc1ziJ1P1Z+eQ2xhNvIq2bsXMfVbmA19df/4ZWVueaw2Thf0zP7P6YFu+QZO9dW8zInlMyT5A7Tvz/0TFCYzGmW03FR6fjr+inaMYBQT/N4zmMcSssjzuRJHOMFp4klRlUFluJGqJGLNAL6EMvoBWHiLeg==</latexit>
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*Chiral imbalance medium (local parity odd domain) would be realized 
in heavy ion collisions.                                                     
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Anomalous transports from the chiral 
symmetry
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QCD Lagrangian has the parity-odd electromagnetic terms. 

hjµ(x)i = i
� lnZQCD

�Aµ(x)
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Implement the linear response of  the vector current 
to get the anomalous transport from the chiral anomaly. 
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Anomalous transports from the chiral 
symmetry
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QCD Lagrangian has the parity-odd electromagnetic terms. 

hjµ(x)i = i
� lnZQCD

�Aµ(x)
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Implement the linear response of  the vector current 
to get the anomalous transport from the chiral anomaly. 

@µ✓(x)

2Nf
= µA�µ0

<latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="Kk0CIkYD5B1Pw1ggXs8fAyxEkVY="></latexit><latexit sha1_base64="Kk0CIkYD5B1Pw1ggXs8fAyxEkVY="></latexit><latexit sha1_base64="/TME0d7hLAnmLGytthzQAOMMyvA="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="Kk0CIkYD5B1Pw1ggXs8fAyxEkVY="></latexit><latexit sha1_base64="Kk0CIkYD5B1Pw1ggXs8fAyxEkVY="></latexit><latexit sha1_base64="/TME0d7hLAnmLGytthzQAOMMyvA="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit><latexit sha1_base64="Gmfk4Z86EbeMKezOu5uL6ce0xBU="></latexit>

Vµ = µV �µ0 +Aµ
<latexit sha1_base64="fIcbXDR7EYMKBP6MC58xI/AlDEs="></latexit><latexit sha1_base64="fIcbXDR7EYMKBP6MC58xI/AlDEs="></latexit><latexit sha1_base64="fIcbXDR7EYMKBP6MC58xI/AlDEs="></latexit><latexit sha1_base64="fIcbXDR7EYMKBP6MC58xI/AlDEs="></latexit>

Fµ⌫ = @µV⌫ � @⌫Vµ
<latexit sha1_base64="9/lzxaI5Xrb6H5qTlEBdkoZkLwU="></latexit><latexit sha1_base64="9/lzxaI5Xrb6H5qTlEBdkoZkLwU="></latexit><latexit sha1_base64="9/lzxaI5Xrb6H5qTlEBdkoZkLwU="></latexit><latexit sha1_base64="9/lzxaI5Xrb6H5qTlEBdkoZkLwU="></latexit>

Chiral magnetic effect 
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U(1)A anomaly along with QCD θ-term
induces the EM current (anomalous transport). 

Nucl. Phys. A 803, 227 (2008)

Phys. Rev. D 78, 074033 (2008)
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Anomalous transports from the chiral 
symmetry
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The chiral separation effect: 

*The axial anomalous current is also induced by the chiral anomaly. 

chiral magnetic effect  
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*In the rotating system, the anomalous transports are induced. 

Phys. Rev. D 70, 074018 (2004)
Phys. Rev. D 72, 045011 (2005)
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QCD theta-vacuum
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Anomalous transports from the chiral 
symmetry
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The chiral separation effect: 

Anomalous transport is closely tied with 
the vacuum structure of  QCD (QCD θ-vacuum).

*The axial anomalous current is also induced by the chiral anomaly. 

chiral magnetic effect  

h~jV i =
µA
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e ~B
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*In the rotating system, the anomalous transports are induced. 

Anomalous transports would be generated in a strong magnetic field region 
relevant to the heavy ion collision.  

Anomalous transports would be a probe to reveal a nontrivial aspect of  
the QCD phase (vacuum)  structure.

Phys. Rev. D 70, 074018 (2004)
Phys. Rev. D 72, 045011 (2005)
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This topic is under intensive investigations from theoretical as well as from experimental sides
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Anomalous transports from the chiral 
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The chiral separation effect: 

Anomalous transport is closely tied with 
the vacuum structure of  QCD (QCD θ-vacuum).

→ Other symmetry also induces the anomalous transports.

*The axial anomalous current is also induced by the chiral anomaly. 

chiral magnetic effect  
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*In the rotating system, the anomalous transports are induced. 

Anomalous transports would be generated in a strong magnetic field region 
relevant to the heavy ion collision.  

Anomalous transports would be a probe to reveal a nontrivial aspect of  
the QCD phase (vacuum)  structure.

Phys. Rev. D 70, 074018 (2004)
Phys. Rev. D 72, 045011 (2005)
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• Scale invariant at the classical level 

jµD
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where        is the dilatation current.

Scale symmetry

As a simple case, let’s consider massless-QED (not QCD) to obtain the anomalous 
transport from scale symmetry. 



21

hTµ
µi = @µj

µ
D = 0

<latexit sha1_base64="8X+yvmD3h9GJBBNCNxOGImATlio="></latexit><latexit sha1_base64="8X+yvmD3h9GJBBNCNxOGImATlio="></latexit><latexit sha1_base64="8X+yvmD3h9GJBBNCNxOGImATlio="></latexit><latexit sha1_base64="8X+yvmD3h9GJBBNCNxOGImATlio="></latexit>

• Scale invariant at the classical level 

jµD
<latexit sha1_base64="nDxQ8ZF//vlpKV7b6Nu9FZaIvPU="></latexit><latexit sha1_base64="nDxQ8ZF//vlpKV7b6Nu9FZaIvPU="></latexit><latexit sha1_base64="nDxQ8ZF//vlpKV7b6Nu9FZaIvPU="></latexit><latexit sha1_base64="nDxQ8ZF//vlpKV7b6Nu9FZaIvPU="></latexit>

where        is the dilatation current.

Scale symmetry

As a simple case, let’s consider massless-QED (not QCD) to obtain the anomalous 
transport from scale symmetry. 

• Scale symmetry is broken at the quantum level. 
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: Beta function of  QED
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: QED coupling constant
hTµ

µi = @µj
µ
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The electromagnetic field contributes to the scale anomaly.
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Anomalous transport from scale 
symmetry

In the curved spacetime, the trace (scale) anomaly induces the anomalous current.

: local scale factor⌧(x)
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→ Putting QED on a conformally-flat spacetime: �µ⌫(x) = e2⌧(x)⌘µ⌫
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Trace anomaly (scale anomaly) hTµ
µi = @µj

µ
D =

�(e)

2e
Fµ⌫F

µ⌫
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Anomalous transport from scale 
symmetry

In the curved spacetime, the trace (scale) anomaly induces the anomalous current.

: local scale factor⌧(x)
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→ Putting QED on a conformally-flat spacetime: �µ⌫(x) = e2⌧(x)⌘µ⌫
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Action is changed in the background of  the rescaled metric.

S ! S⌧ = S +

Z
d4x ⌧(x)Tµ

µ(x) +O(⌧2)
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Trace anomaly (scale anomaly) hTµ
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µ
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In the curved spacetime, QED action gets the nonzero energy momentum term.
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Anomalous transport from scale 
symmetry

S ! S⌧ = S +

Z
d4x ⌧(x)Tµ

µ(x) +O(⌧2)
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By using the linear response of  the vector current…

QED action in the curved spacetime

Scale electric/magnetic effect

h~jV i = �2�(e)

e

@⌧(x)

@t
~E(x) +

2�(e)

e
~r⌧(x)⇥ ~B(x),
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• Scale anomaly also induces the anomalous EM current (anomalous transport).

• This current may presumably be realized in solid state materials,
such as strained graphene or elastically deformed Weyl/Dirac semimetals.

Phys. Rev. Lett. 117, no. 14, 141601 (2016)

hjµ(x)i = i
� lnZQED

�Aµ(x)
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Anomalous transport

• Scale anomaly (QED) in the curved spacetime

Scale electric/magnetic effect 

h~jV i = �2�(e)

e

@⌧(x)
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~E(x) +

2�(e)

e
~r⌧(x)⇥ ~B(x),
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• Chiral anomaly with QCD θ-term

Chiral magnetic effect 

h~jV i =
µA

2⇡2
e ~B

<latexit sha1_base64="ZB4Ftv5JncNuvwAVCtY7/tZf63E="></latexit><latexit sha1_base64="ZB4Ftv5JncNuvwAVCtY7/tZf63E="></latexit><latexit sha1_base64="ZB4Ftv5JncNuvwAVCtY7/tZf63E="></latexit><latexit sha1_base64="ZB4Ftv5JncNuvwAVCtY7/tZf63E="></latexit>

QCD has the scale anomaly (which would be closely tied with the QCD phase structure)
→ QCD scale anomaly would induce anomalous transports. 

Anomalous transport is closely tied with 
the vacuum structure of  QCD.
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• In the curved QED, the scale anomaly induces the anomalous transports.
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• In the curved QED, the scale anomaly induces the anomalous transports.

• In QCD+QED, the scale anomaly has quark mass terms and a gluon part. 
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• In the curved QED, the scale anomaly induces the anomalous transports.

• In QCD+QED, the scale anomaly has quark mass terms and a gluon part. 
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Anomalous transport 
from the scale symmetry 
would be a new probe to 
reveal a nontrivial aspect of
the QCD phase structure.



Anomalous transport
from the scale symmetry in QCD
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• In the curved QED, the scale anomaly induces the anomalous transports.

• In QCD+QED, the scale anomaly has quark mass terms and a gluon part. 
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? ? ?
To reveal the anomalous transport,
we employ the dilaton effective theory.
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Dilatation current
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is the NG boson field of
the scale symmetry. (dilaton field)

Effective theory in the scale symmetry

• Scale anomaly in QCD
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• Scale anomaly in effective field theory 
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Dilatation current
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the scale symmetry. (dilaton field)

Effective theory in the scale symmetry

• Scale anomaly in QCD 
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<latexit sha1_base64="pMhosTPU63NecFh8TMAnJ5z51aE=">AAACgXichVFNL8RQFD3qe3wNNhIWExPCZtyKIEQisbH0NUgMk7bemBedtmk7k4zJbCz9AQsrEkGs+As2/oCFnyCWJDYWbjtNBMFt+t65591z33nv6Y4pPZ/osU6pb2hsam5pjbW1d3R2xbt71j276Boibdim7W7qmidMaYm0L31TbDqu0Aq6KTb0/YVgfaMkXE/a1ppfdsR2QduzZE4ams9UNj6QMfJyLpfNOHmZEImdSgDGOG e6mo0nKUVhJH4CNQJJRLFkxy+QwS5sGCiiAAELPmMTGjz+tqCC4DC3jQpzLiMZrgtUEWNtkasEV2jM7vO4x9lWxFqcBz29UG3wLib/LisTGKIHuqIXuqdreqL3X3tVwh6BlzLPek0rnGzXUd/q27+qAs8+8p+qPz37yGE69CrZuxMywSmMmr50cPyyOrMyVBmmM3pm/6f0SHd8Aqv0apwvi5UTxPgB1O/X/ROsj6dUSqnLE8n5yegpWtCPQYzwfU9hHotYQpr3PcQlbnCr1CujCinjtVKlLtL04ksosx934ZP/</latexit><latexit sha1_base64="pMhosTPU63NecFh8TMAnJ5z51aE=">AAACgXichVFNL8RQFD3qe3wNNhIWExPCZtyKIEQisbH0NUgMk7bemBedtmk7k4zJbCz9AQsrEkGs+As2/oCFnyCWJDYWbjtNBMFt+t65591z33nv6Y4pPZ/osU6pb2hsam5pjbW1d3R2xbt71j276Boibdim7W7qmidMaYm0L31TbDqu0Aq6KTb0/YVgfaMkXE/a1ppfdsR2QduzZE4ams9UNj6QMfJyLpfNOHmZEImdSgDGOG e6mo0nKUVhJH4CNQJJRLFkxy+QwS5sGCiiAAELPmMTGjz+tqCC4DC3jQpzLiMZrgtUEWNtkasEV2jM7vO4x9lWxFqcBz29UG3wLib/LisTGKIHuqIXuqdreqL3X3tVwh6BlzLPek0rnGzXUd/q27+qAs8+8p+qPz37yGE69CrZuxMywSmMmr50cPyyOrMyVBmmM3pm/6f0SHd8Aqv0apwvi5UTxPgB1O/X/ROsj6dUSqnLE8n5yegpWtCPQYzwfU9hHotYQpr3PcQlbnCr1CujCinjtVKlLtL04ksosx934ZP/</latexit><latexit sha1_base64="pMhosTPU63NecFh8TMAnJ5z51aE=">AAACgXichVFNL8RQFD3qe3wNNhIWExPCZtyKIEQisbH0NUgMk7bemBedtmk7k4zJbCz9AQsrEkGs+As2/oCFnyCWJDYWbjtNBMFt+t65591z33nv6Y4pPZ/osU6pb2hsam5pjbW1d3R2xbt71j276Boibdim7W7qmidMaYm0L31TbDqu0Aq6KTb0/YVgfaMkXE/a1ppfdsR2QduzZE4ams9UNj6QMfJyLpfNOHmZEImdSgDGOG e6mo0nKUVhJH4CNQJJRLFkxy+QwS5sGCiiAAELPmMTGjz+tqCC4DC3jQpzLiMZrgtUEWNtkasEV2jM7vO4x9lWxFqcBz29UG3wLib/LisTGKIHuqIXuqdreqL3X3tVwh6BlzLPek0rnGzXUd/q27+qAs8+8p+qPz37yGE69CrZuxMywSmMmr50cPyyOrMyVBmmM3pm/6f0SHd8Aqv0apwvi5UTxPgB1O/X/ROsj6dUSqnLE8n5yegpWtCPQYzwfU9hHotYQpr3PcQlbnCr1CujCinjtVKlLtL04ksosx934ZP/</latexit><latexit sha1_base64="pMhosTPU63NecFh8TMAnJ5z51aE=">AAACgXichVFNL8RQFD3qe3wNNhIWExPCZtyKIEQisbH0NUgMk7bemBedtmk7k4zJbCz9AQsrEkGs+As2/oCFnyCWJDYWbjtNBMFt+t65591z33nv6Y4pPZ/osU6pb2hsam5pjbW1d3R2xbt71j276Boibdim7W7qmidMaYm0L31TbDqu0Aq6KTb0/YVgfaMkXE/a1ppfdsR2QduzZE4ams9UNj6QMfJyLpfNOHmZEImdSgDGOG e6mo0nKUVhJH4CNQJJRLFkxy+QwS5sGCiiAAELPmMTGjz+tqCC4DC3jQpzLiMZrgtUEWNtkasEV2jM7vO4x9lWxFqcBz29UG3wLib/LisTGKIHuqIXuqdreqL3X3tVwh6BlzLPek0rnGzXUd/q27+qAs8+8p+qPz37yGE69CrZuxMywSmMmr50cPyyOrMyVBmmM3pm/6f0SHd8Aqv0apwvi5UTxPgB1O/X/ROsj6dUSqnLE8n5yegpWtCPQYzwfU9hHotYQpr3PcQlbnCr1CujCinjtVKlLtL04ksosx934ZP/</latexit>

• Conformal compensator Dilaton Lagrangian

*Action is invariant under the scale transformation

Le↵ =
1

2
@µ�@

µ�
<latexit sha1_base64="2NFIiZxZmi4xterMg2fHtzhxG9M="></latexit><latexit sha1_base64="2NFIiZxZmi4xterMg2fHtzhxG9M="></latexit><latexit sha1_base64="2NFIiZxZmi4xterMg2fHtzhxG9M="></latexit><latexit sha1_base64="2NFIiZxZmi4xterMg2fHtzhxG9M="></latexit>

Dilaton is massless: h0|@µjµD|�(p)i = 0
<latexit sha1_base64="6aSj3qh/yyWF701hZkAe0xEGmB4="></latexit><latexit sha1_base64="6aSj3qh/yyWF701hZkAe0xEGmB4="></latexit><latexit sha1_base64="6aSj3qh/yyWF701hZkAe0xEGmB4="></latexit><latexit sha1_base64="6aSj3qh/yyWF701hZkAe0xEGmB4="></latexit>
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Dilatation current

jµD = f�@
µ�+ · · ·

<latexit sha1_base64="XTeKHB1HwLcJbJFpJ2SezYhtzlM=">AAACinicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQuoZsW7xMXkltqmxccUZGTGFCQWlWQm5oCEQHztmOSU/JLieAFlAz0DMFDAZBhCGcoMUBCQL7CcIYYhhSGfIZmhlCGXIZUhj6EEyM5hSG QoBsJoBkMGA4YCoFgsQzVQrAjIygTLpzLUMnAB9ZYCVaUCVSQCRbOBZDqQFw0VzQPyQWYWg3UnA23JAeIioE4FBlWDqwYrDT4bnDBYbfDS4A9Os6rBZoDcUgmkkyB6Uwvi+bskgr8T1JULpEsYMhC68Lq5hCGNwQLs1kyg2wvAIiBfJEP0l1VN/xxsFaRarWawyOA10P0LDW4aHAb6IK/sS/LSwNSg2QxcwAgwRA9uTEaYkZ6hgZ5hoImygxk0KjgYpBmUGDSA4W3O4MDgwRDAEAq0t5thI8Muht1MPExGTJZM1hClTIxQPcIMKIDJBQCJzph8</latexit><latexit sha1_base64="XTeKHB1HwLcJbJFpJ2SezYhtzlM=">AAACinicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQuoZsW7xMXkltqmxccUZGTGFCQWlWQm5oCEQHztmOSU/JLieAFlAz0DMFDAZBhCGcoMUBCQL7CcIYYhhSGfIZmhlCGXIZUhj6EEyM5hSG QoBsJoBkMGA4YCoFgsQzVQrAjIygTLpzLUMnAB9ZYCVaUCVSQCRbOBZDqQFw0VzQPyQWYWg3UnA23JAeIioE4FBlWDqwYrDT4bnDBYbfDS4A9Os6rBZoDcUgmkkyB6Uwvi+bskgr8T1JULpEsYMhC68Lq5hCGNwQLs1kyg2wvAIiBfJEP0l1VN/xxsFaRarWawyOA10P0LDW4aHAb6IK/sS/LSwNSg2QxcwAgwRA9uTEaYkZ6hgZ5hoImygxk0KjgYpBmUGDSA4W3O4MDgwRDAEAq0t5thI8Muht1MPExGTJZM1hClTIxQPcIMKIDJBQCJzph8</latexit><latexit sha1_base64="XTeKHB1HwLcJbJFpJ2SezYhtzlM=">AAACinicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQuoZsW7xMXkltqmxccUZGTGFCQWlWQm5oCEQHztmOSU/JLieAFlAz0DMFDAZBhCGcoMUBCQL7CcIYYhhSGfIZmhlCGXIZUhj6EEyM5hSG QoBsJoBkMGA4YCoFgsQzVQrAjIygTLpzLUMnAB9ZYCVaUCVSQCRbOBZDqQFw0VzQPyQWYWg3UnA23JAeIioE4FBlWDqwYrDT4bnDBYbfDS4A9Os6rBZoDcUgmkkyB6Uwvi+bskgr8T1JULpEsYMhC68Lq5hCGNwQLs1kyg2wvAIiBfJEP0l1VN/xxsFaRarWawyOA10P0LDW4aHAb6IK/sS/LSwNSg2QxcwAgwRA9uTEaYkZ6hgZ5hoImygxk0KjgYpBmUGDSA4W3O4MDgwRDAEAq0t5thI8Muht1MPExGTJZM1hClTIxQPcIMKIDJBQCJzph8</latexit><latexit sha1_base64="XTeKHB1HwLcJbJFpJ2SezYhtzlM=">AAACinicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQuoZsW7xMXkltqmxccUZGTGFCQWlWQm5oCEQHztmOSU/JLieAFlAz0DMFDAZBhCGcoMUBCQL7CcIYYhhSGfIZmhlCGXIZUhj6EEyM5hSG QoBsJoBkMGA4YCoFgsQzVQrAjIygTLpzLUMnAB9ZYCVaUCVSQCRbOBZDqQFw0VzQPyQWYWg3UnA23JAeIioE4FBlWDqwYrDT4bnDBYbfDS4A9Os6rBZoDcUgmkkyB6Uwvi+bskgr8T1JULpEsYMhC68Lq5hCGNwQLs1kyg2wvAIiBfJEP0l1VN/xxsFaRarWawyOA10P0LDW4aHAb6IK/sS/LSwNSg2QxcwAgwRA9uTEaYkZ6hgZ5hoImygxk0KjgYpBmUGDSA4W3O4MDgwRDAEAq0t5thI8Muht1MPExGTJZM1hClTIxQPcIMKIDJBQCJzph8</latexit>

�
<latexit sha1_base64="7PuDahQR/UuSWg0/XRY07E7HTI0=">AAACZ3ichVHLSsNAFD2Nr1ofrQoiuFGL4qrcSEFxVXDjUq3VQlskiaMdmiYhSQu1+AMu3Cq4UhARP8ONP+CinyAuFdy48CYNiIp6h5k5c+aeO2dmdMeUnk/UiSk9vX39A/HBxNDwyGgyNTa+49kN1xAFwzZtt6hrnjClJQq+9E1RdFyh1XVT7Oq1tWB/tylcT9rWtt9yRKWuHVryQBqaH1Blpyr3UmnKUBgzP4EagTSi2LBTNy hjHzYMNFCHgAWfsQkNHrcSVBAc5ipoM+cykuG+wDESrG1wluAMjdkaj4e8KkWsxeugpheqDT7F5O6ycgbz9Ei39EIPdEdP9P5rrXZYI/DS4lnvaoWzlzyZyr/9q6rz7KP6qfrTs48DrIReJXt3Qia4hdHVN4/OXvKrW/PtBbqiZ/Z/SR265xtYzVfjelNsXSDBH6B+f+6fYGcpo1JG3cymc9noK+KYxhwW+b2XkcM6NlDgc6s4xRnOY09KUplUprqpSizSTOBLKLMfrsWLLQ==</latexit><latexit sha1_base64="7PuDahQR/UuSWg0/XRY07E7HTI0=">AAACZ3ichVHLSsNAFD2Nr1ofrQoiuFGL4qrcSEFxVXDjUq3VQlskiaMdmiYhSQu1+AMu3Cq4UhARP8ONP+CinyAuFdy48CYNiIp6h5k5c+aeO2dmdMeUnk/UiSk9vX39A/HBxNDwyGgyNTa+49kN1xAFwzZtt6hrnjClJQq+9E1RdFyh1XVT7Oq1tWB/tylcT9rWtt9yRKWuHVryQBqaH1Blpyr3UmnKUBgzP4EagTSi2LBTNy hjHzYMNFCHgAWfsQkNHrcSVBAc5ipoM+cykuG+wDESrG1wluAMjdkaj4e8KkWsxeugpheqDT7F5O6ycgbz9Ei39EIPdEdP9P5rrXZYI/DS4lnvaoWzlzyZyr/9q6rz7KP6qfrTs48DrIReJXt3Qia4hdHVN4/OXvKrW/PtBbqiZ/Z/SR265xtYzVfjelNsXSDBH6B+f+6fYGcpo1JG3cymc9noK+KYxhwW+b2XkcM6NlDgc6s4xRnOY09KUplUprqpSizSTOBLKLMfrsWLLQ==</latexit><latexit sha1_base64="7PuDahQR/UuSWg0/XRY07E7HTI0=">AAACZ3ichVHLSsNAFD2Nr1ofrQoiuFGL4qrcSEFxVXDjUq3VQlskiaMdmiYhSQu1+AMu3Cq4UhARP8ONP+CinyAuFdy48CYNiIp6h5k5c+aeO2dmdMeUnk/UiSk9vX39A/HBxNDwyGgyNTa+49kN1xAFwzZtt6hrnjClJQq+9E1RdFyh1XVT7Oq1tWB/tylcT9rWtt9yRKWuHVryQBqaH1Blpyr3UmnKUBgzP4EagTSi2LBTNy hjHzYMNFCHgAWfsQkNHrcSVBAc5ipoM+cykuG+wDESrG1wluAMjdkaj4e8KkWsxeugpheqDT7F5O6ycgbz9Ei39EIPdEdP9P5rrXZYI/DS4lnvaoWzlzyZyr/9q6rz7KP6qfrTs48DrIReJXt3Qia4hdHVN4/OXvKrW/PtBbqiZ/Z/SR265xtYzVfjelNsXSDBH6B+f+6fYGcpo1JG3cymc9noK+KYxhwW+b2XkcM6NlDgc6s4xRnOY09KUplUprqpSizSTOBLKLMfrsWLLQ==</latexit><latexit sha1_base64="7PuDahQR/UuSWg0/XRY07E7HTI0=">AAACZ3ichVHLSsNAFD2Nr1ofrQoiuFGL4qrcSEFxVXDjUq3VQlskiaMdmiYhSQu1+AMu3Cq4UhARP8ONP+CinyAuFdy48CYNiIp6h5k5c+aeO2dmdMeUnk/UiSk9vX39A/HBxNDwyGgyNTa+49kN1xAFwzZtt6hrnjClJQq+9E1RdFyh1XVT7Oq1tWB/tylcT9rWtt9yRKWuHVryQBqaH1Blpyr3UmnKUBgzP4EagTSi2LBTNy hjHzYMNFCHgAWfsQkNHrcSVBAc5ipoM+cykuG+wDESrG1wluAMjdkaj4e8KkWsxeugpheqDT7F5O6ycgbz9Ei39EIPdEdP9P5rrXZYI/DS4lnvaoWzlzyZyr/9q6rz7KP6qfrTs48DrIReJXt3Qia4hdHVN4/OXvKrW/PtBbqiZ/Z/SR265xtYzVfjelNsXSDBH6B+f+6fYGcpo1JG3cymc9noK+KYxhwW+b2XkcM6NlDgc6s4xRnOY09KUplUprqpSizSTOBLKLMfrsWLLQ==</latexit>

is the NG boson field of
the scale symmetry. (dilaton field)

Effective theory in the scale symmetry

• Scale anomaly in QCD 

@µj
µ
D = (1 + �m)

X
mq q̄q +

�F (gs)

2gs
G2

µ⌫ +
�F (e)

2e
F 2
µ⌫

<latexit sha1_base64="NCn7EXsJcepahdgPmh7PiXqGlUw="></latexit><latexit sha1_base64="NCn7EXsJcepahdgPmh7PiXqGlUw="></latexit><latexit sha1_base64="NCn7EXsJcepahdgPmh7PiXqGlUw="></latexit><latexit sha1_base64="NCn7EXsJcepahdgPmh7PiXqGlUw="></latexit>

• Scale anomaly in effective field theory 

�(x) ! e��(x)
<latexit sha1_base64="LOtLmkQHzDl0E32Add7vxL5EXYE="></latexit><latexit sha1_base64="LOtLmkQHzDl0E32Add7vxL5EXYE="></latexit><latexit sha1_base64="LOtLmkQHzDl0E32Add7vxL5EXYE="></latexit><latexit sha1_base64="LOtLmkQHzDl0E32Add7vxL5EXYE="></latexit>

� = f�e
�/f�

<latexit sha1_base64="pMhosTPU63NecFh8TMAnJ5z51aE=">AAACgXichVFNL8RQFD3qe3wNNhIWExPCZtyKIEQisbH0NUgMk7bemBedtmk7k4zJbCz9AQsrEkGs+As2/oCFnyCWJDYWbjtNBMFt+t65591z33nv6Y4pPZ/osU6pb2hsam5pjbW1d3R2xbt71j276Boibdim7W7qmidMaYm0L31TbDqu0Aq6KTb0/YVgfaMkXE/a1ppfdsR2QduzZE4ams9UNj6QMfJyLpfNOHmZEImdSgDGOG e6mo0nKUVhJH4CNQJJRLFkxy+QwS5sGCiiAAELPmMTGjz+tqCC4DC3jQpzLiMZrgtUEWNtkasEV2jM7vO4x9lWxFqcBz29UG3wLib/LisTGKIHuqIXuqdreqL3X3tVwh6BlzLPek0rnGzXUd/q27+qAs8+8p+qPz37yGE69CrZuxMywSmMmr50cPyyOrMyVBmmM3pm/6f0SHd8Aqv0apwvi5UTxPgB1O/X/ROsj6dUSqnLE8n5yegpWtCPQYzwfU9hHotYQpr3PcQlbnCr1CujCinjtVKlLtL04ksosx934ZP/</latexit><latexit sha1_base64="pMhosTPU63NecFh8TMAnJ5z51aE=">AAACgXichVFNL8RQFD3qe3wNNhIWExPCZtyKIEQisbH0NUgMk7bemBedtmk7k4zJbCz9AQsrEkGs+As2/oCFnyCWJDYWbjtNBMFt+t65591z33nv6Y4pPZ/osU6pb2hsam5pjbW1d3R2xbt71j276Boibdim7W7qmidMaYm0L31TbDqu0Aq6KTb0/YVgfaMkXE/a1ppfdsR2QduzZE4ams9UNj6QMfJyLpfNOHmZEImdSgDGOG e6mo0nKUVhJH4CNQJJRLFkxy+QwS5sGCiiAAELPmMTGjz+tqCC4DC3jQpzLiMZrgtUEWNtkasEV2jM7vO4x9lWxFqcBz29UG3wLib/LisTGKIHuqIXuqdreqL3X3tVwh6BlzLPek0rnGzXUd/q27+qAs8+8p+qPz37yGE69CrZuxMywSmMmr50cPyyOrMyVBmmM3pm/6f0SHd8Aqv0apwvi5UTxPgB1O/X/ROsj6dUSqnLE8n5yegpWtCPQYzwfU9hHotYQpr3PcQlbnCr1CujCinjtVKlLtL04ksosx934ZP/</latexit><latexit sha1_base64="pMhosTPU63NecFh8TMAnJ5z51aE=">AAACgXichVFNL8RQFD3qe3wNNhIWExPCZtyKIEQisbH0NUgMk7bemBedtmk7k4zJbCz9AQsrEkGs+As2/oCFnyCWJDYWbjtNBMFt+t65591z33nv6Y4pPZ/osU6pb2hsam5pjbW1d3R2xbt71j276Boibdim7W7qmidMaYm0L31TbDqu0Aq6KTb0/YVgfaMkXE/a1ppfdsR2QduzZE4ams9UNj6QMfJyLpfNOHmZEImdSgDGOG e6mo0nKUVhJH4CNQJJRLFkxy+QwS5sGCiiAAELPmMTGjz+tqCC4DC3jQpzLiMZrgtUEWNtkasEV2jM7vO4x9lWxFqcBz29UG3wLib/LisTGKIHuqIXuqdreqL3X3tVwh6BlzLPek0rnGzXUd/q27+qAs8+8p+qPz37yGE69CrZuxMywSmMmr50cPyyOrMyVBmmM3pm/6f0SHd8Aqv0apwvi5UTxPgB1O/X/ROsj6dUSqnLE8n5yegpWtCPQYzwfU9hHotYQpr3PcQlbnCr1CujCinjtVKlLtL04ksosx934ZP/</latexit><latexit sha1_base64="pMhosTPU63NecFh8TMAnJ5z51aE=">AAACgXichVFNL8RQFD3qe3wNNhIWExPCZtyKIEQisbH0NUgMk7bemBedtmk7k4zJbCz9AQsrEkGs+As2/oCFnyCWJDYWbjtNBMFt+t65591z33nv6Y4pPZ/osU6pb2hsam5pjbW1d3R2xbt71j276Boibdim7W7qmidMaYm0L31TbDqu0Aq6KTb0/YVgfaMkXE/a1ppfdsR2QduzZE4ams9UNj6QMfJyLpfNOHmZEImdSgDGOG e6mo0nKUVhJH4CNQJJRLFkxy+QwS5sGCiiAAELPmMTGjz+tqCC4DC3jQpzLiMZrgtUEWNtkasEV2jM7vO4x9lWxFqcBz29UG3wLib/LisTGKIHuqIXuqdreqL3X3tVwh6BlzLPek0rnGzXUd/q27+qAs8+8p+qPz37yGE69CrZuxMywSmMmr50cPyyOrMyVBmmM3pm/6f0SHd8Aqv0apwvi5UTxPgB1O/X/ROsj6dUSqnLE8n5yegpWtCPQYzwfU9hHotYQpr3PcQlbnCr1CujCinjtVKlLtL04ksosx934ZP/</latexit>

• Conformal compensator Dilaton Lagrangian

Dilaton is massless: h0|@µjµD|�(p)i = 0
<latexit sha1_base64="6aSj3qh/yyWF701hZkAe0xEGmB4="></latexit><latexit sha1_base64="6aSj3qh/yyWF701hZkAe0xEGmB4="></latexit><latexit sha1_base64="6aSj3qh/yyWF701hZkAe0xEGmB4="></latexit><latexit sha1_base64="6aSj3qh/yyWF701hZkAe0xEGmB4="></latexit>

h0|@µjµD|�(p)i = h0|
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<latexit sha1_base64="bW3BSxeorZfGg5GDjoum5S6Bl3U="></latexit><latexit sha1_base64="bW3BSxeorZfGg5GDjoum5S6Bl3U="></latexit><latexit sha1_base64="bW3BSxeorZfGg5GDjoum5S6Bl3U="></latexit><latexit sha1_base64="bW3BSxeorZfGg5GDjoum5S6Bl3U="></latexit>

*Action is invariant under the scale transformation

Scale anomaly supplies
the dilaton mass.

Le↵ =
1

2
@µ�@

µ�
<latexit sha1_base64="2NFIiZxZmi4xterMg2fHtzhxG9M="></latexit><latexit sha1_base64="2NFIiZxZmi4xterMg2fHtzhxG9M="></latexit><latexit sha1_base64="2NFIiZxZmi4xterMg2fHtzhxG9M="></latexit><latexit sha1_base64="2NFIiZxZmi4xterMg2fHtzhxG9M="></latexit>
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Dilatation current

jµD = f�@
µ�+ · · ·
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is the NG boson field of
the scale symmetry. (dilaton field)

Effective theory in the scale symmetry

• Scale anomaly in QCD 
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• Scale anomaly in effective field theory 
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• Conformal compensator Dilaton Lagrangian
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*Action is invariant under the scale transformation
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Dilaton is massive: 
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Scale anomaly supplies
the dilaton mass.

Lagrangian gets 
a dilaton mass term.



• Scale anomaly in QCD
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Dilaton effective theory in electromagnetic 
field (Our work)
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- Dilaton potential term (mass term) characterizes the QCD scale anomaly. 

Scale anomaly can be described 
by the dilaton field with mass. 
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- Dilaton potential term (mass term) characterizes the QCD scale anomaly. 

- Introduce an additional term having EM fields by matching QCD+QED 
with the dilaton effective theory. 
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- Dilaton potential term (mass term) characterizes the QCD scale anomaly. 

- Introduce an additional term having EM fields by matching QCD+QED 
with the dilaton effective theory. 

→ In the effective theory, dilaton field directly couples with EM fields.
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<latexit sha1_base64="NCn7EXsJcepahdgPmh7PiXqGlUw="></latexit><latexit sha1_base64="NCn7EXsJcepahdgPmh7PiXqGlUw="></latexit><latexit sha1_base64="NCn7EXsJcepahdgPmh7PiXqGlUw="></latexit><latexit sha1_base64="NCn7EXsJcepahdgPmh7PiXqGlUw="></latexit>

- Dilaton potential term (mass term) characterizes the QCD scale anomaly. 

- Introduce an additional term having EM fields by matching QCD+QED 
with the dilaton effective theory. 

→ In the effective theory, dilaton field directly couples with EM fields.
→ It is expected that a novel aspects of  QCD scale anomaly would be extracted from  

the additional EM term. 

Dilaton is a mediator
between QCD and QED 
in the scale anomaly. 
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Anomalous transport in dilaton effective 
theory

• Scale anomaly in QCD+QED induces the anomalous transport 

Implement the linear response 
Anomalous transport in the dilaton effective theory 

hjµ(x)i = i
� lnZe↵

�Aµ(x)
<latexit sha1_base64="4ZbG65mMfmNr1nLknY+1L9jCbW4="></latexit><latexit sha1_base64="4ZbG65mMfmNr1nLknY+1L9jCbW4="></latexit><latexit sha1_base64="4ZbG65mMfmNr1nLknY+1L9jCbW4="></latexit><latexit sha1_base64="4ZbG65mMfmNr1nLknY+1L9jCbW4="></latexit>hjµ(x)i = �2�(e)
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Anomalous transport in dilaton effective 
theory

• Scale anomaly in QCD+QED induces the anomalous transport 

In the vacuum of  the dilaton potential, the anomalous current shows up. 

Implement the linear response 
Anomalous transport in the dilaton effective theory 

hjµ(x)i = i
� lnZe↵

�Aµ(x)
<latexit sha1_base64="4ZbG65mMfmNr1nLknY+1L9jCbW4="></latexit><latexit sha1_base64="4ZbG65mMfmNr1nLknY+1L9jCbW4="></latexit><latexit sha1_base64="4ZbG65mMfmNr1nLknY+1L9jCbW4="></latexit><latexit sha1_base64="4ZbG65mMfmNr1nLknY+1L9jCbW4="></latexit>

h�i = �0
<latexit sha1_base64="1q80sHXvOZnRaRVoKu2cwGfVb2A="></latexit><latexit sha1_base64="1q80sHXvOZnRaRVoKu2cwGfVb2A="></latexit><latexit sha1_base64="1q80sHXvOZnRaRVoKu2cwGfVb2A="></latexit><latexit sha1_base64="1q80sHXvOZnRaRVoKu2cwGfVb2A="></latexit>

hjµ(x)i = �2�(e)
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<latexit sha1_base64="X+RMLkVQz7IIzz0/JTyw6oGnFwM="></latexit><latexit sha1_base64="X+RMLkVQz7IIzz0/JTyw6oGnFwM="></latexit><latexit sha1_base64="X+RMLkVQz7IIzz0/JTyw6oGnFwM="></latexit><latexit sha1_base64="X+RMLkVQz7IIzz0/JTyw6oGnFwM="></latexit>

Expectation value of  dilaton field is determined 
from the stationary point of  the dilaton potential.  
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Anomalous transport in scale effective theory

• Scale anomaly in QCD+QED induces the anomalous transport 

*Anomalous transport in a curved QED 

hjµ(x)iscale = �2�(e)

e
Fµ⌫(x)@⌫⌧(x)

<latexit sha1_base64="CFIz8otivhDgFYvTCKL545GVNUI="></latexit><latexit sha1_base64="CFIz8otivhDgFYvTCKL545GVNUI="></latexit><latexit sha1_base64="CFIz8otivhDgFYvTCKL545GVNUI="></latexit><latexit sha1_base64="CFIz8otivhDgFYvTCKL545GVNUI="></latexit>

• In QCD, the scale anomaly can induce the 
anomalous current even in the flat spacetime. 

Anomalous transport in the dilaton effective theory 

hjµ(x)i = �2�(e)

e
Fµ⌫
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<latexit sha1_base64="wuzWrH7iskYYLP+YBkEr+TFJuCI=">AAADW3ichVHPa9RAFH5p/FFjtasiCF6CS2WLdJksi4ogFATx4KE/3Lawsxsm6WR36OQHyWShhrl4VO8ePCmIiH+GF/8BDz34B4jHil48+DZJFa3aCcl7873ve/nejJdIkSlC9owZ89jxEydnT1mn586cnW+cO7+RxXnq854fyzjd8ljGpYh4Twkl+VaSchZ6km96O3em9c0JTzMRRw/UbsIHIRtFIhA+Uwi5ja8F9Zm072u3oG lo8yDQty0apMwvHF10NE1YqgSTLg1zm/pjYR8gwwPEWqr4oUuTsRh2gjrqoqup5IFqVfUpVxdVVdNUjMZqcdgtGX0q49FfWEs/nXRrxcC6VnKP6FuPQD2uWIsv4iRc38URw5xGuR523EaTtEm57MOJUydNqNdK3HgNFLYhBh9yCIFDBApzCQwyfPrgAIEEsQEUiKWYibLOQYOF2hxZHBkM0R38jnDXr9EI99OeWan28S8S3xSVNiyQD+QN2SfvyVvyiXz/Z6+i7DH1sovRq7Q8cecfX1r/dqQqxKhg/Ev1X88KArhZehXoPSmR6RR+pZ88fLa/fmttobhKXpLP6P8F2SPvcIJo8sV/tcrXnoOFF+D8edyHk41O2yFtZ7XbXL5eX8UsXIYr0MLzvgHLcA9WoAe+QY1HxhPj6cxH0zQtc66izhi15gL8tsyLPwAjHuf3</latexit><latexit sha1_base64="wuzWrH7iskYYLP+YBkEr+TFJuCI=">AAADW3ichVHPa9RAFH5p/FFjtasiCF6CS2WLdJksi4ogFATx4KE/3Lawsxsm6WR36OQHyWShhrl4VO8ePCmIiH+GF/8BDz34B4jHil48+DZJFa3aCcl7873ve/nejJdIkSlC9owZ89jxEydnT1mn586cnW+cO7+RxXnq854fyzjd8ljGpYh4Twkl+VaSchZ6km96O3em9c0JTzMRRw/UbsIHIRtFIhA+Uwi5ja8F9Zm072u3oG lo8yDQty0apMwvHF10NE1YqgSTLg1zm/pjYR8gwwPEWqr4oUuTsRh2gjrqoqup5IFqVfUpVxdVVdNUjMZqcdgtGX0q49FfWEs/nXRrxcC6VnKP6FuPQD2uWIsv4iRc38URw5xGuR523EaTtEm57MOJUydNqNdK3HgNFLYhBh9yCIFDBApzCQwyfPrgAIEEsQEUiKWYibLOQYOF2hxZHBkM0R38jnDXr9EI99OeWan28S8S3xSVNiyQD+QN2SfvyVvyiXz/Z6+i7DH1sovRq7Q8cecfX1r/dqQqxKhg/Ev1X88KArhZehXoPSmR6RR+pZ88fLa/fmttobhKXpLP6P8F2SPvcIJo8sV/tcrXnoOFF+D8edyHk41O2yFtZ7XbXL5eX8UsXIYr0MLzvgHLcA9WoAe+QY1HxhPj6cxH0zQtc66izhi15gL8tsyLPwAjHuf3</latexit><latexit sha1_base64="wuzWrH7iskYYLP+YBkEr+TFJuCI=">AAADW3ichVHPa9RAFH5p/FFjtasiCF6CS2WLdJksi4ogFATx4KE/3Lawsxsm6WR36OQHyWShhrl4VO8ePCmIiH+GF/8BDz34B4jHil48+DZJFa3aCcl7873ve/nejJdIkSlC9owZ89jxEydnT1mn586cnW+cO7+RxXnq854fyzjd8ljGpYh4Twkl+VaSchZ6km96O3em9c0JTzMRRw/UbsIHIRtFIhA+Uwi5ja8F9Zm072u3oG lo8yDQty0apMwvHF10NE1YqgSTLg1zm/pjYR8gwwPEWqr4oUuTsRh2gjrqoqup5IFqVfUpVxdVVdNUjMZqcdgtGX0q49FfWEs/nXRrxcC6VnKP6FuPQD2uWIsv4iRc38URw5xGuR523EaTtEm57MOJUydNqNdK3HgNFLYhBh9yCIFDBApzCQwyfPrgAIEEsQEUiKWYibLOQYOF2hxZHBkM0R38jnDXr9EI99OeWan28S8S3xSVNiyQD+QN2SfvyVvyiXz/Z6+i7DH1sovRq7Q8cecfX1r/dqQqxKhg/Ev1X88KArhZehXoPSmR6RR+pZ88fLa/fmttobhKXpLP6P8F2SPvcIJo8sV/tcrXnoOFF+D8edyHk41O2yFtZ7XbXL5eX8UsXIYr0MLzvgHLcA9WoAe+QY1HxhPj6cxH0zQtc66izhi15gL8tsyLPwAjHuf3</latexit><latexit sha1_base64="wuzWrH7iskYYLP+YBkEr+TFJuCI=">AAADW3ichVHPa9RAFH5p/FFjtasiCF6CS2WLdJksi4ogFATx4KE/3Lawsxsm6WR36OQHyWShhrl4VO8ePCmIiH+GF/8BDz34B4jHil48+DZJFa3aCcl7873ve/nejJdIkSlC9owZ89jxEydnT1mn586cnW+cO7+RxXnq854fyzjd8ljGpYh4Twkl+VaSchZ6km96O3em9c0JTzMRRw/UbsIHIRtFIhA+Uwi5ja8F9Zm072u3oG lo8yDQty0apMwvHF10NE1YqgSTLg1zm/pjYR8gwwPEWqr4oUuTsRh2gjrqoqup5IFqVfUpVxdVVdNUjMZqcdgtGX0q49FfWEs/nXRrxcC6VnKP6FuPQD2uWIsv4iRc38URw5xGuR523EaTtEm57MOJUydNqNdK3HgNFLYhBh9yCIFDBApzCQwyfPrgAIEEsQEUiKWYibLOQYOF2hxZHBkM0R38jnDXr9EI99OeWan28S8S3xSVNiyQD+QN2SfvyVvyiXz/Z6+i7DH1sovRq7Q8cecfX1r/dqQqxKhg/Ev1X88KArhZehXoPSmR6RR+pZ88fLa/fmttobhKXpLP6P8F2SPvcIJo8sV/tcrXnoOFF+D8edyHk41O2yFtZ7XbXL5eX8UsXIYr0MLzvgHLcA9WoAe+QY1HxhPj6cxH0zQtc66izhi15gL8tsyLPwAjHuf3</latexit>

Anomalous transport in scale effective theory

• Scale anomaly in QCD+QED induces the anomalous transport 

Anomalous transport in the dilaton effective theory 

hjµ(x)i = �2�(e)

e
Fµ⌫
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<latexit sha1_base64="X+RMLkVQz7IIzz0/JTyw6oGnFwM="></latexit><latexit sha1_base64="X+RMLkVQz7IIzz0/JTyw6oGnFwM="></latexit><latexit sha1_base64="X+RMLkVQz7IIzz0/JTyw6oGnFwM="></latexit><latexit sha1_base64="X+RMLkVQz7IIzz0/JTyw6oGnFwM="></latexit>

• If  the dilaton condensation is constant, the anomalous current vanishes.  

jµ = 0
<latexit sha1_base64="LUaqA/5OxLzqXVT6EIzPxd5CoSw="></latexit><latexit sha1_base64="LUaqA/5OxLzqXVT6EIzPxd5CoSw="></latexit><latexit sha1_base64="LUaqA/5OxLzqXVT6EIzPxd5CoSw="></latexit><latexit sha1_base64="LUaqA/5OxLzqXVT6EIzPxd5CoSw="></latexit>

• To obtain the nonzero anomalous current, a dilaton should get a inhomogeneous 
condensation (condensation has position-time dependence).

�0 = const
<latexit sha1_base64="OPvNj/210ITrSJF1EAkVkKhhydc="></latexit><latexit sha1_base64="OPvNj/210ITrSJF1EAkVkKhhydc="></latexit><latexit sha1_base64="OPvNj/210ITrSJF1EAkVkKhhydc="></latexit><latexit sha1_base64="OPvNj/210ITrSJF1EAkVkKhhydc="></latexit>
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Consider a time-dependent dilaton condensation in constant EM fields: �0(t)
<latexit sha1_base64="6mvaG4dJDT+6b34mehP6GaG9nTc="></latexit><latexit sha1_base64="6mvaG4dJDT+6b34mehP6GaG9nTc="></latexit><latexit sha1_base64="6mvaG4dJDT+6b34mehP6GaG9nTc="></latexit><latexit sha1_base64="6mvaG4dJDT+6b34mehP6GaG9nTc="></latexit>
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<latexit sha1_base64="ZQaJeIJlN1b3dyTJR2h2Q6lJPak=">AAADXHichVHPa9RAFH7ZVK2ptauCCF6CS2WLuEyWRUUQCoJ47A93W9jZDZN0sjs0v0gmCzXMyZvo2YMnBRHxz/DiP+ChF+/isUIvHnz5AYtW7YTkvfne9718b8aJfZFKQg61hr5w5uy5xfPG0oXliyvNS5cHaZQlLu+7kR8luw5LuS9C3pdC+nw3TjgLHJ/vOPsPi/rOjCepiMIn8iDmo4BNQuEJl0mE7OZxPlB2TpPA5J6nHh i3qZcwN7dU3lU0ZokUzLelSd2psIk5RyrAuFXRA5vGUzHuenVUeU9Rn3uyXdUrtsqruqKJmEzl2rhXcobUjyZ/5c3N9GrNCA0W7FN7G3XR4ZK1+RqOw9UjHDTIaJipcddutkiHlMs8mVh10oJ6bUTN90BhDyJwIYMAOIQgMfeBQYrPECwgECM2ghyxBDNR1jkoMFCbIYsjgyG6j98J7oY1GuK+6JmWahf/4uOboNKEVfKFfCBH5DP5SL6Rn//slZc9Ci8HGJ1Ky2N75fm17eNTVQFGCdO56r+eJXhwr/Qq0HtcIsUUbqWfPX11tH1/azW/Sd6S7+j/DTkkn3CCcPbDfbfJt16DgRdg/XncJ5NBt2ORjrXZa63fqa9iEa7DDWjjed+FdXgMG9AHVxtpz7QX2svGV31BX9KXK2pDqzVX4LelX/0FmrznpA==</latexit><latexit sha1_base64="ZQaJeIJlN1b3dyTJR2h2Q6lJPak=">AAADXHichVHPa9RAFH7ZVK2ptauCCF6CS2WLuEyWRUUQCoJ47A93W9jZDZN0sjs0v0gmCzXMyZvo2YMnBRHxz/DiP+ChF+/isUIvHnz5AYtW7YTkvfne9718b8aJfZFKQg61hr5w5uy5xfPG0oXliyvNS5cHaZQlLu+7kR8luw5LuS9C3pdC+nw3TjgLHJ/vOPsPi/rOjCepiMIn8iDmo4BNQuEJl0mE7OZxPlB2TpPA5J6nHh i3qZcwN7dU3lU0ZokUzLelSd2psIk5RyrAuFXRA5vGUzHuenVUeU9Rn3uyXdUrtsqruqKJmEzl2rhXcobUjyZ/5c3N9GrNCA0W7FN7G3XR4ZK1+RqOw9UjHDTIaJipcddutkiHlMs8mVh10oJ6bUTN90BhDyJwIYMAOIQgMfeBQYrPECwgECM2ghyxBDNR1jkoMFCbIYsjgyG6j98J7oY1GuK+6JmWahf/4uOboNKEVfKFfCBH5DP5SL6Rn//slZc9Ci8HGJ1Ky2N75fm17eNTVQFGCdO56r+eJXhwr/Qq0HtcIsUUbqWfPX11tH1/azW/Sd6S7+j/DTkkn3CCcPbDfbfJt16DgRdg/XncJ5NBt2ORjrXZa63fqa9iEa7DDWjjed+FdXgMG9AHVxtpz7QX2svGV31BX9KXK2pDqzVX4LelX/0FmrznpA==</latexit><latexit sha1_base64="ZQaJeIJlN1b3dyTJR2h2Q6lJPak=">AAADXHichVHPa9RAFH7ZVK2ptauCCF6CS2WLuEyWRUUQCoJ47A93W9jZDZN0sjs0v0gmCzXMyZvo2YMnBRHxz/DiP+ChF+/isUIvHnz5AYtW7YTkvfne9718b8aJfZFKQg61hr5w5uy5xfPG0oXliyvNS5cHaZQlLu+7kR8luw5LuS9C3pdC+nw3TjgLHJ/vOPsPi/rOjCepiMIn8iDmo4BNQuEJl0mE7OZxPlB2TpPA5J6nHh i3qZcwN7dU3lU0ZokUzLelSd2psIk5RyrAuFXRA5vGUzHuenVUeU9Rn3uyXdUrtsqruqKJmEzl2rhXcobUjyZ/5c3N9GrNCA0W7FN7G3XR4ZK1+RqOw9UjHDTIaJipcddutkiHlMs8mVh10oJ6bUTN90BhDyJwIYMAOIQgMfeBQYrPECwgECM2ghyxBDNR1jkoMFCbIYsjgyG6j98J7oY1GuK+6JmWahf/4uOboNKEVfKFfCBH5DP5SL6Rn//slZc9Ci8HGJ1Ky2N75fm17eNTVQFGCdO56r+eJXhwr/Qq0HtcIsUUbqWfPX11tH1/azW/Sd6S7+j/DTkkn3CCcPbDfbfJt16DgRdg/XncJ5NBt2ORjrXZa63fqa9iEa7DDWjjed+FdXgMG9AHVxtpz7QX2svGV31BX9KXK2pDqzVX4LelX/0FmrznpA==</latexit><latexit sha1_base64="ZQaJeIJlN1b3dyTJR2h2Q6lJPak=">AAADXHichVHPa9RAFH7ZVK2ptauCCF6CS2WLuEyWRUUQCoJ47A93W9jZDZN0sjs0v0gmCzXMyZvo2YMnBRHxz/DiP+ChF+/isUIvHnz5AYtW7YTkvfne9718b8aJfZFKQg61hr5w5uy5xfPG0oXliyvNS5cHaZQlLu+7kR8luw5LuS9C3pdC+nw3TjgLHJ/vOPsPi/rOjCepiMIn8iDmo4BNQuEJl0mE7OZxPlB2TpPA5J6nHh i3qZcwN7dU3lU0ZokUzLelSd2psIk5RyrAuFXRA5vGUzHuenVUeU9Rn3uyXdUrtsqruqKJmEzl2rhXcobUjyZ/5c3N9GrNCA0W7FN7G3XR4ZK1+RqOw9UjHDTIaJipcddutkiHlMs8mVh10oJ6bUTN90BhDyJwIYMAOIQgMfeBQYrPECwgECM2ghyxBDNR1jkoMFCbIYsjgyG6j98J7oY1GuK+6JmWahf/4uOboNKEVfKFfCBH5DP5SL6Rn//slZc9Ci8HGJ1Ky2N75fm17eNTVQFGCdO56r+eJXhwr/Qq0HtcIsUUbqWfPX11tH1/azW/Sd6S7+j/DTkkn3CCcPbDfbfJt16DgRdg/XncJ5NBt2ORjrXZa63fqa9iEa7DDWjjed+FdXgMG9AHVxtpz7QX2svGV31BX9KXK2pDqzVX4LelX/0FmrznpA==</latexit>

Inhomogeneous dilaton condensation

• Add the kinetic term to get a time-dependent dilaton condensation 
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m� = 441[MeV], f� = 100[MeV]
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f0(500)
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To give a numerical solution,
we identify the dilaton as               . 

1-loop : �(e) =
e3

12⇡2
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Inhomogeneous dilaton condensation

Consider a time-dependent dilaton condensation in constant EM fields: �0(t)
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• Stationary condition (equation of  motion)

Impose initial conditions to solve this equation.

(Dilaton condensation is rest at t=0.)

�0(t = 0) = f�
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@�0(t)

@t

����
t=0

= 0
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→ consider the “static” potential at t=0.

@2
t �0 +
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0 log

�0
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� 1
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�(e)

2e
F 2
µ⌫ = 0.
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Inhomogeneous dilaton condensation
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Time-dependent dilaton condensation
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• EM fields induces the inhomogeneous 
dilaton condensation which is time-dependent
oscillating solutions. 

Homogeneous condensation 
without EM fields 

Inhomogeneous condensation 
in EM field
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Inhomogeneous dilaton condensation
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Time-dependent dilaton condensation
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• EM fields induces the inhomogeneous 
dilaton condensation which is time-dependent
oscillating solutions. 

• As EM fields increase, the amplitude becomes larger.
Furthermore, the frequency is more rapid.
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Dilaton potential in electromagnetic field

Inhomogeneous condensation in EM field

Homogeneous condensation without EM

Homogeneous condensation in EM field

• The dilaton potential at the stationary point gets to oscillate by a constant EM field.   
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Dilaton potential in electromagnetic field
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As EM fields increase…

• Amplitude of  the dilaton potential becomes larger.
• Frequency is more rapid.

Inhomogeneous condensation in EM field
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Anomalous current in inhomogeneous 
condensate

Anomalous current in the time-dependent dilaton condensation

Electric field is oriented to the x-direction.
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Anomalous current in inhomogeneous 
condensate

Anomalous current in the time-dependent dilaton condensation

• Anomalous current is along a electric field.
• Anomalous current oscillates.

Electric field is oriented to the x-direction.
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Anomalous current in inhomogeneous 
condensate

• Amplitudes becomes larger.
• Frequency is more rapid.

As an electric field increases…
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Summary

• We find the anomalous current involving the feature of  the QCD scale anomaly. 

To reveal the anomalous transport from the scale symmetry in QCD (hadron), 
we employ the dilaton effective theory. 
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• In the scale anomaly of  QCD+QED, dilaton acts as a mediator between QCD and QED.
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Summary

• Anomalous current involving the feature of  the QCD scale anomaly. 

• Dilaton has inhomogenous dilaton condensations in EM fields. 
→ dilaton potential gets to oscillate by constant EM fields.
→ Anomalous transport shows up (in the stationary point of  the dilaton potential).      

To reveal the anomalous transport from the scale symmetry in QCD (hadron), 
we employ the dilaton effective theory. 
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Anomalous transport
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• Our anomalous current would 
be closely correlated with 
photon productions.

• The photon emission would be 
a new probe to reveal the novel 
feature of  QCD.

Summary
• time-dependent dilaton condensation in constant EM fields

Would also induce photon productions
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is too large. 

→ dilaton potential is not stabilized. 

Inhomogeneous dilaton condensation

• In extremely strong EM field regins, 
the inhomogeneous dilaton condensation is unstable. 
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Move onto extremely strong EM field region


