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PCAC mass
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+ Integrate out space direction
PCAC relation
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Wilson fermion
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Merit: Reasonable numerical cost
Continuum limit is insured

Demerit: Chiral symmetry is explicitly broken

To care this problem: gradient flow method

ex) chiral susceptibility

WHOT-QCD Collaboration
PRD. 96, 014509 (2017)



Gradient flow
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Formal solution
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Gauge:

Fermions:

This factor dumps high energy mode at 𝑡 > 0

∼ t



Gradient flow
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Flowed fields are UV finite!

Lattice 
Regularization

Dimensional
Regularization

Flow Flow
Flowed
operator

MS scheme

Finite renormalization



Small flow time expansion
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In 𝑡 → 0 limit, we can get
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7fermion propagator

We don’t know
the effective Lagrangian
in bulk field

𝑡 = 0

Propagator for flowed fermions
�(t, y)�̄(t, x) 6= (D[Bµ(t, x)] +m)�1
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Adjoint flow eq.
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4-dim



8

Put on random source
on 4-dim spacetime

𝑡 = 0

Put the sink
on bulk

Measurement: 1pt function
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Go backward
Adjoint flow eq.
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Put on random source
on 4-dim spacetime

𝑡 = 0

Put the sink
on bulk

Measurement: 1pt function

Flow eq.
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Need stout smearing
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Put on random source
on 4-dim spacetime

𝑡 = 0

Put the sink
on bulk

Measurement: 1pt function

Flow eq.

SF (v, w) = (D[Aµ(x)] +m)�1
<latexit sha1_base64="fP3/fdNXka4lM/3/a1wlMTnkksw="></latexit><latexit sha1_base64="fP3/fdNXka4lM/3/a1wlMTnkksw="></latexit><latexit sha1_base64="fP3/fdNXka4lM/3/a1wlMTnkksw="></latexit><latexit sha1_base64="fP3/fdNXka4lM/3/a1wlMTnkksw="></latexit>

Go backward
Adjoint flow eq.

@t�(t, x) = D

2
�(t, x)

<latexit sha1_base64="L8YhlVkg+9JB2OQYFpsGkxXTiSI=">AAACjnicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQtoxhQkFpVkJubElyjEJGdkKmiU6ChUaCqo2Sq4xBkhC8ULKBvoGYCBAibDEMpQZoCCgHyB5QwxDCkM+QzJDKUMuQypDHkMJUB2DkMiQz EQRjMYMhgwFADFYhmqgWJFQFYmWD6VoZaBC6i3FKgqFagiESiaDSTTgbxoqGgekA8ysxisOxloSw4QFwF1KjCoGlw1WGnw2eCEwWqDlwZ/cJpVDTYD5JZKIJ0E0ZtaEM/fJRH8naCuXCBdwpCB0IXXzSUMaQwWYLdmAt1eABYB+SIZor+savrnYKsg1Wo1g0UGr4HuX2hw0+Aw0Ad5ZV+SlwamBs1m4AJGgCF6cGMywoz0DA30DANNlB0soFHBwSDNoMSgAQxvcwYHBg+GAIZQoL39DFsZ9jHsZxJgMmOyZbKHKGVihOoRZkABTB4A3CKWfQ==</latexit><latexit sha1_base64="L8YhlVkg+9JB2OQYFpsGkxXTiSI=">AAACjnicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQtoxhQkFpVkJubElyjEJGdkKmiU6ChUaCqo2Sq4xBkhC8ULKBvoGYCBAibDEMpQZoCCgHyB5QwxDCkM+QzJDKUMuQypDHkMJUB2DkMiQz EQRjMYMhgwFADFYhmqgWJFQFYmWD6VoZaBC6i3FKgqFagiESiaDSTTgbxoqGgekA8ysxisOxloSw4QFwF1KjCoGlw1WGnw2eCEwWqDlwZ/cJpVDTYD5JZKIJ0E0ZtaEM/fJRH8naCuXCBdwpCB0IXXzSUMaQwWYLdmAt1eABYB+SIZor+savrnYKsg1Wo1g0UGr4HuX2hw0+Aw0Ad5ZV+SlwamBs1m4AJGgCF6cGMywoz0DA30DANNlB0soFHBwSDNoMSgAQxvcwYHBg+GAIZQoL39DFsZ9jHsZxJgMmOyZbKHKGVihOoRZkABTB4A3CKWfQ==</latexit><latexit sha1_base64="L8YhlVkg+9JB2OQYFpsGkxXTiSI=">AAACjnicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQtoxhQkFpVkJubElyjEJGdkKmiU6ChUaCqo2Sq4xBkhC8ULKBvoGYCBAibDEMpQZoCCgHyB5QwxDCkM+QzJDKUMuQypDHkMJUB2DkMiQz EQRjMYMhgwFADFYhmqgWJFQFYmWD6VoZaBC6i3FKgqFagiESiaDSTTgbxoqGgekA8ysxisOxloSw4QFwF1KjCoGlw1WGnw2eCEwWqDlwZ/cJpVDTYD5JZKIJ0E0ZtaEM/fJRH8naCuXCBdwpCB0IXXzSUMaQwWYLdmAt1eABYB+SIZor+savrnYKsg1Wo1g0UGr4HuX2hw0+Aw0Ad5ZV+SlwamBs1m4AJGgCF6cGMywoz0DA30DANNlB0soFHBwSDNoMSgAQxvcwYHBg+GAIZQoL39DFsZ9jHsZxJgMmOyZbKHKGVihOoRZkABTB4A3CKWfQ==</latexit><latexit sha1_base64="L8YhlVkg+9JB2OQYFpsGkxXTiSI=">AAACjnicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQtoxhQkFpVkJubElyjEJGdkKmiU6ChUaCqo2Sq4xBkhC8ULKBvoGYCBAibDEMpQZoCCgHyB5QwxDCkM+QzJDKUMuQypDHkMJUB2DkMiQz EQRjMYMhgwFADFYhmqgWJFQFYmWD6VoZaBC6i3FKgqFagiESiaDSTTgbxoqGgekA8ysxisOxloSw4QFwF1KjCoGlw1WGnw2eCEwWqDlwZ/cJpVDTYD5JZKIJ0E0ZtaEM/fJRH8naCuXCBdwpCB0IXXzSUMaQwWYLdmAt1eABYB+SIZor+savrnYKsg1Wo1g0UGr4HuX2hw0+Aw0Ad5ZV+SlwamBs1m4AJGgCF6cGMywoz0DA30DANNlB0soFHBwSDNoMSgAQxvcwYHBg+GAIZQoL39DFsZ9jHsZxJgMmOyZbKHKGVihOoRZkABTB4A3CKWfQ==</latexit>

Need stout smearing
Smear or not smear
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𝑁+ = 2 + 1 full QCD Iwasaki + NP Wilson clover
𝛽 = 1.82(𝑎 ∼ 0.08 fm)
Lattice size: 645
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CP-PACS Collaboration PRD. 99, 014504 (2019)

plain link vs smeared link on 1 conf
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1pt function on G6464
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Only 8 confs (of 200 confs)

Linear fit
a+ bt

<latexit sha1_base64="au3pH7248uLa1DBlerUGTHeOUZ4="></latexit><latexit sha1_base64="au3pH7248uLa1DBlerUGTHeOUZ4="></latexit><latexit sha1_base64="au3pH7248uLa1DBlerUGTHeOUZ4="></latexit><latexit sha1_base64="au3pH7248uLa1DBlerUGTHeOUZ4="></latexit>

Nonlinear fit
a+ bt+ ct2 +

d

t
<latexit sha1_base64="mjavah2gF35enYCobjTz1W9VJxk="></latexit><latexit sha1_base64="mjavah2gF35enYCobjTz1W9VJxk="></latexit><latexit sha1_base64="mjavah2gF35enYCobjTz1W9VJxk="></latexit><latexit sha1_base64="mjavah2gF35enYCobjTz1W9VJxk="></latexit>

Choice the “linear window”
And 

Suspect systematic error



Lattice Setup
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𝑁+ = 2 + 1 full QCD
Iwasaki gauge action +

NP improved Wilson clover 𝑐78
𝛽 = 2.05 (𝑎 ∼ 0.07 fm), 

Heavy ud quarks: 𝑚</𝑚> ∼ 0.63,
Almost physical s quark: 𝑚@AA/𝑚B ∼ 0.74

Lattice size: 28C×56

(CP-PACS and JLQCD Collaborations 2008)



Numerical result
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s quark

mSF
s = 137.9± 6.8MeV

<latexit sha1_base64="DiKcZXk4RppA7uhS/NT06UifwyE="></latexit><latexit sha1_base64="DiKcZXk4RppA7uhS/NT06UifwyE="></latexit><latexit sha1_base64="DiKcZXk4RppA7uhS/NT06UifwyE="></latexit><latexit sha1_base64="DiKcZXk4RppA7uhS/NT06UifwyE="></latexit>

mGF
s = 139.642 1.6

0.5 MeV
<latexit sha1_base64="mwXm7F38K7hRLNx0vuT8OqbfUcg="></latexit><latexit sha1_base64="mwXm7F38K7hRLNx0vuT8OqbfUcg="></latexit><latexit sha1_base64="mwXm7F38K7hRLNx0vuT8OqbfUcg="></latexit><latexit sha1_base64="mwXm7F38K7hRLNx0vuT8OqbfUcg="></latexit>mGF

u = 82.5± 0.3MeV
<latexit sha1_base64="nsSVl8jUidsCVHpShHkOWjd+Ohs="></latexit><latexit sha1_base64="nsSVl8jUidsCVHpShHkOWjd+Ohs="></latexit><latexit sha1_base64="nsSVl8jUidsCVHpShHkOWjd+Ohs="></latexit><latexit sha1_base64="nsSVl8jUidsCVHpShHkOWjd+Ohs="></latexit>

mSF
u = 82.3± 4.1MeV

<latexit sha1_base64="ZEJ2jppFfLWZJIBn6LmBHLWclxo="></latexit><latexit sha1_base64="ZEJ2jppFfLWZJIBn6LmBHLWclxo="></latexit><latexit sha1_base64="ZEJ2jppFfLWZJIBn6LmBHLWclxo="></latexit><latexit sha1_base64="ZEJ2jppFfLWZJIBn6LmBHLWclxo="></latexit>

Good consistent with Schrödinger functional method!



Conclusion
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We calculated PCAC mass using GF method
under Wilson fermion

Our result is well consistent with renormalized in
SF scheme.

We can challenge other operators which relate to
Chiral symmetry for example: 𝐵F Next talk!

Our on going project, smeared link, 
is under measurement
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We don’t know
the effective Lagrangian
in bulk field

𝑡 = 0

Propagator for flowed fermions
�(t, y)�̄(t, x) 6= (D[Bµ(t, x)] +m)�1

<latexit sha1_base64="8YWbvAfCu2SDWRcAnZEMeHaNIU4="></latexit><latexit sha1_base64="8YWbvAfCu2SDWRcAnZEMeHaNIU4="></latexit><latexit sha1_base64="8YWbvAfCu2SDWRcAnZEMeHaNIU4="></latexit><latexit sha1_base64="8YWbvAfCu2SDWRcAnZEMeHaNIU4="></latexit>

4-dim space-time

Flow time 𝑡
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We don’t know
the effective Lagrangian
in bulk field

𝑡 = 0

Propagator for flowed fermions
�(t, y)�̄(t, x) 6= (D[Bµ(t, x)] +m)�1

<latexit sha1_base64="8YWbvAfCu2SDWRcAnZEMeHaNIU4="></latexit><latexit sha1_base64="8YWbvAfCu2SDWRcAnZEMeHaNIU4="></latexit><latexit sha1_base64="8YWbvAfCu2SDWRcAnZEMeHaNIU4="></latexit><latexit sha1_base64="8YWbvAfCu2SDWRcAnZEMeHaNIU4="></latexit>

4-dim space-time

Flow time 𝑡
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We don’t know
the effective Lagrangian
in bulk field

𝑡 = 0

Propagator for flowed fermions
�(t, y)�̄(t, x) 6= (D[Bµ(t, x)] +m)�1

<latexit sha1_base64="8YWbvAfCu2SDWRcAnZEMeHaNIU4="></latexit><latexit sha1_base64="8YWbvAfCu2SDWRcAnZEMeHaNIU4="></latexit><latexit sha1_base64="8YWbvAfCu2SDWRcAnZEMeHaNIU4="></latexit><latexit sha1_base64="8YWbvAfCu2SDWRcAnZEMeHaNIU4="></latexit>

4-dim space-time

Flow time 𝑡

What we know?
4-dim Lagrangian
flow eq


