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Hadrons Code

• The modified Hadrons code which can measure chiral condensate and two point meson correlator with 
source-sink separation lie in x direction, y direction, z direction and t direction is located in the following 
directory of Fugaku:


x dir:  /home/ra000001/a04428/src/modify_mres_finiteT/20220204_Add_Z2_psibarpsi_Hadrons.v20210716


y dir:  /home/ra000001/a04428/src/modify_mres_finiteT/20220214_ydir_mres_Hadrons.v20210716


z dir: /home/ra000001/a04428/src/modify_mres_finiteT/20220214_zdir_mres_Hadrons.v20210716


t dir:  /home/ra000001/a04428/src/20211216_Add_psibarpsi_Grid.v20210713



• We need to create new modules for spatial meson 
correlator and chiral condensate, this can be done by 
executing the bash script add_module_list.sh in Hadrons 
code. 

How to create new module



Determining the residual mass

• Residual chiral symmetry breaking of domain wall fermion due to finite Ls is 
characterized by residual mass  


• Measure the ratio of midpoint correlator to the pion correlator evaluated at 
large source-sink separations to remove the unphysical states contribution


mres

mres = R(t) =
⟨∑ ⃗x Ja

5q( ⃗x , t)πa( ⃗0 ,0)⟩
⟨∑ ⃗x Ja

5( ⃗x , t)πa( ⃗0 ,0)⟩



Determining the residual mass

•






• 


• 


•

mres = R(t) =
∑ ⃗x ⟨Ja

5q( ⃗x , t)πa( ⃗0 ,0)⟩
∑ ⃗x ⟨Ja

5( ⃗x , t)πa( ⃗0 ,0)⟩

q(x) = PLΨ(x,0) + PRΨ(x, Ls − 1); q̄(x) = Ψ̄(x, Ls − 1)PL + Ψ̄(x,0)PR; PL,R =
1 ± γ5

2

Ja
5q ≈ mresJa

5

Ja
5(x) = − Ψ̄(x, Ls − 1)PLtaΨ(x,0) + Ψ̄(x,0)PRtaΨ(x, Ls − 1) = q̄(x)taγ5q(x)

πa(x) = iq̄(x)taγ5q(x) = iJa
5

Physical four dimensional fermion:



 is rather short for finite T. 

In this case, one usually determine the residual mass  by computing the ratio of 
the midpoint correlator to the pion correlator evaluated at source-sink separations 
which lie in a spatial rather than temporal direction.

T =
1

aNt
, Nt

mres

Currently, Hadrons code has program for calculating the temporal meson correlator, but don’t 
have program for spatial meson correlator. 

How can we build spatial meson correlator program based on 
temporal meson correlator program ?  

Motivation



Temporal meson correlator

• Trajectory variables can be used to 
loop over configurations



Temporal meson correlator

RBPrecCG is a solver, it uses red black preconditioning 
and conjugate gradient method to obtain the propagator

Set all the link variables to one, so this program  
calculates correlators for the free case, if one wants to  
load nersc format configuration, use MIO::LoadNersc     

Create a sink module “sink” at ,  the value 
of sink corresponds to     

px, py, pz = 0
⃗p = 0

Loop over all declared quarks to set for each flavor  
action, solver.

As action here it use domain wall fermion,  
where the gauge fields are from “gauge” and  
set Ls=12, M5=1.8, mass corresponding to  
the flavor,  boundary and twist are set. 
In line 83,  it create a DWF action for the given flavor 
and name it “DWF_” + flavour[I]

To calculate the quark propagator,  it needs to set a  
solver module which is used by propagator module. 
It use the module MSolver::RBPrecCG, where the action 
is given by the previous declared one, the residual and  
maximal iteration steps are set 



Temporal meson correlator



⟨OM(n) ŌM(l)⟩DW
= − tr [ΓA (D̃−1

tov(mf2))n,l
ΓB (D̃−1†

tov (mf1))n,l]
 and  combination is set by the string parameter 


mesPar.gammas. For example if one wants to compute 

the correlator for  and 

One would write:

mesPar.gammas = “ (Gamma5 GammaY) (GammaX Identity) “  

ΓA ΓB

(ΓA, ΓB) = (γ5, γy) (ΓA, ΓB) = (γx,1)

“all” option in line145 means compute the correlator for

all 256 combinations of gamma matrices 

Temporal meson correlator

After set all modules, store all the parameters in “meson2pt.xml” 

Start the execution with application.run()

Use Grid_finalize() to destroy all created objects and 

free memory



Quark propagator

=
1

1 − m ([D−1
tov(m)]l,n

− 1) = [D̃−1
tov(m)]l,n

q(x) = PLΨ(x,0) + PRΨ(x, Ls − 1); q̄(x) = Ψ̄(x, Ls − 1)PL + Ψ̄(x,0)PR

Dtov(m) =
1 + m

2
+

1 − m
2

γ5ϵLs
(H), ϵLs

(H) =
(1 + H)Ls − (1 − H)Ls

(1 + H)Ls + (1 − H)Ls
,

⟨q̄(n)q(l)⟩DW =
1

ZDW ∫ 𝒟Ψ̄𝒟Ψ𝒟Φ̄𝒟Φ q̄(n)q(l)e−Ψ̄DDW(m)Ψ−Φ̄DDW(1)Φ

H = γ5Dkernel = γ5
(b5 + c5)DW(−M5)

2 + (b5 − c5)DW(−M5)

lim
Ls→∞

Dtov = Dov

 is Mobius domain wall kernelDkernel

Physical propagator: 

Physical four dimensional fermion:
PL,R =

1 ± γ5

2



Inversion of the Dirac operator

[D̃−1
tov(m)]n,l

= [ℙ†D−1
DW(m)(−D−)ℙ†]n,l;0,Ls−1

, PL,R =
1 ± γ5

2

To determine the propagator, need to do the inversion of   
the Dirac operator,  it is time consuming

Introduce source to just invert a part of the operator, e.g. point source ψ0 = δn,n0
δα,α0

δa,a0

[D̃−1
tov(m)]n,l

[ψ0]l = [ℙ†D−1
DW(m)(−D−)ℙ†]n,l;0,Ls−1

[ψ0]l

The connection to the DWF operator 

= [ℙ†D−1
DW(m)]n,l;0,s [(−D−)ℙ†ψ0]l;s,Ls−1

= [ℙ†D−1
DW(m)]n,l;0,s [ΨDW,0]l;s,Ls−1 Five dimensional  point source

Solve   using conjugate gradient (CG)G = D−1
DW(m)ΨDW,0

Then, project G back to four dimensions by  to get  ℙ†G [D̃−1
tov(m)]n,n0



Red black/even-odd preconditioning 

[D̃−1
tov(m)]n,l

[ψ0]l = [D̃−1
tov(m)]n,n0

= [ℙ†D−1
DW(m)]n,l;0,s [ΨDW,0]l;s,Ls−1

• Only calculate one column of the truncated overlap operator, reduced the time 

• Need to do the above inversion for 12 sources which is  all combinations of Dirac and color indices

G = D−1
DW(m)ΨDW,0

• To further reduce the computational time, introduce red black preconditioning method

  

Assign for each space-time point of the four dimensional lattice a parity  withp = {r, b}

p = (x + y + z + t) mod 2, 0 → r, 1 → b
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Hadrons/Modules/MFermion/GaugeProp.hpp

Temporal meson correlator

Using red black preconditioning and 

the conjugate gradient method to 

solve the propagator



Hadrons/Modules/MFermion/GaugeProp.hpp

[D̃−1
tov(m)]n,l

[ψ0]l = [D̃−1
tov(m)]n,n0

= [ℙ†D−1
DW(m)]n,l;0,s [ΨDW,0]l;s,Ls−1

       Solve   using CGG = D−1
DW(m)ΨDW,0

Then project G back to four dimensions by  to get  ℙ†G [D̃−1
tov(m)]n,n0

⟨q̄(n)q(l)⟩DW = [D̃−1
tov(m)]l,n



Grid/algorithms/iterative/SchurRedBlack.h



Grid/algorithms/iterative/SchurRedBlack.h



out = − 1 × tmp + out = − 1 × (MoeM−1
ee MeoPo(i)

) + MooPo(i)
= DooPo(i)

out = D†
ooDooPo(i)

mmp = D†
ooDooPo(i)



CG: 

src_o = D†
ooη′ o

D†
ooDooψo = D†

ooη′ o

sol_o = ψo

Grid/algorithms/iterative/SchurRedBlack.h



Grid/algorithms/iterative/ConjugateGradient.h
CG:





Grid/algorithms/iterative/ConjugateGradient.h



Grid/algorithms/iterative/SchurRedBlack.h
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Temporal meson correlator

⟨OM(n) ŌM(l)⟩DW
= ⟨q̄ f1(n)α1

a1

Γα1β1
qf2(n)β1

a1

q̄ f2(l)α2
a2

Γα2β2
qf1(l)β2

a2⟩DW

= − Γα1β1
Γα2β2 ⟨q̄ f2(l)α2

a2

qf2(n)β1
a1⟩DW

⟨q̄ f1(n)α1
a1

qf1(l)β2
a2⟩DW

= − Γα1β1
Γα2β2

1
1 − mf2

([D−1
tov(mf2)]n,l

− 1)β1α2
a1a2

1
1 − mf1

([D−1
tov(mf1)]l,n

− 1)β2α1
a2a1

= − tr [Γ (D̃−1
tov(mf2))n,l

Γ (D̃−1
tov(mf1))l,n]

Fermion contraction

where (D̃−1
tov(mfi))n,l

=
1

1 − mfi
([D−1

tov(mfi)]n,l
− 1)

γ5 hermiticity : [D̃−1
tov(m)]l,n

= γ5 [D̃−1†

tov (m)]n,l
γ5

⟨OM(n) ŌM(l)⟩DW
= − tr [(γ5Γ) (D̃−1

tov(mf2))n,l
(Γγ5) (D̃−1†

tov (mf1))n,l]
Only need to calculate the propagator of one direction

Two point meson correlator at zero momentum: C(t) = ∑⃗
x

⟨OM( ⃗x , t)ŌM(0,0)⟩

Trace is over spin and color index 



Temporal meson correlator
Hadrons/Modules/MContraction/Meson.hpp

Tp denotes the lattice temporal direction, its value is 
3, nt is maximal extension of  temporal direction. 

<latexit sha1_base64="kLdC8ofMNjLdIE1S6wVbDUvkqBk="></latexit>

tr
h
�5�snk q1(�src�5)

† q†2

i<latexit sha1_base64="Ldzfvs33RWT7HSAy91QLet67xX0="></latexit>

gSnk, gSrc 2 �i (i = 0, 1, ...15)
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t = 0, 1, ...Nt � 1

q1, q2 are quark propagators



C(t) = ∑
x,y,z

tr [γ5Γsnk q1(Γsrcγ5)† q†
2 ]

sliceSum function summing over all lattice sites 

in slices orthogonal to the Tp direction.

Tp is 3, represent the temporal direction.

Temporal meson correlator



To get meson correlator in spatial direction:

e.g. 

     

C(x) = ∑
y,z,t

tr [γ5Γsnk q1(Γsrcγ5)† q†
2 ]

Temporal meson correlator -> Spatial meson correlator

   Change Tp of these two parts into Xp

Xp, Yp, Zp, Tp are global integer variables of Grid 

and also of Hadrons, which denote the lattice directions

Its corresponding values are 0,1,2,3









Slices between grid of dimension N 

and grid of dimensions N+1

./Grid/lattice/Lattice_transfer.h 





How to obtain the chiral condensate 

• After the solver, add function


            auto result = innerProduct(src, sol)

result = η†ψ



How to obtain the chiral condensate

• We need to create a new module for chiral condensate 
using bash script make_module_list.sh in Hadrons code 
and then make some changes as mentioned in the 
previous slide



Backup



  5: CG_l:      setting up Schur red-black preconditioned CG for DWF 
15: QZ2_l:     computing quark propagator using Z2 source 
16: meson_Z2_ll:    computing meson correlators  

Output file:





Output file:



Output file:



• ./application-template/par-example.xml:37:                   
<!-- run id (is part of seed for random numbers!) —>



./Hadrons/Module.cpp



./Hadrons/VirtualMachine.cpp



pjs = peekSpin(p, j, s) : pjs = pjs ;  = peekSpin(f, j) :  = fj

peekColour(pjs, i, c) : pjs
ic

; pokeColour(, peekColour(pjs, i, c), i) : fji = pjs
ic

pokeSpin(f, , j) : fj = fj







Code running procedure



utilities/HadronsXmlRun.cpp

The main function of every GRID program 
starts with an initialization Grid_init() and 
ends with the corresponding Grid_finalize()
 function call 



Application.cpp



Application.cpp



Application.cpp



VirtualMachine.cpp



VirtualMachine.cpp



Application.cpp



Application.cpp



VirtualMachine.cpp



VirtualMachine.cpp



Modules/MSink/Point.hpp



Modules/MIO/LoadNersc.hpp



Hadrons/Modules/MGauge/StoutSmearing.hpp



Hadrons/Modules/MAction/ScaledDWF.hpp



Hadrons/Modules/MSolver/RBPrecCG.hpp



Hadrons/Modules/MSource/Z2.hpp



Hadrons/Modules/MFermion/GaugeProp.hpp



Hadrons/Modules/MFermion/GaugeProp.hpp



<latexit sha1_base64="Ldzfvs33RWT7HSAy91QLet67xX0="></latexit>

gSnk, gSrc 2 �i (i = 0, 1, ...15)
<latexit sha1_base64="MyqxFAVNN2AZ9GRmk7twyY7eook="></latexit>

t = 0, 1, ...Nt � 1

q1, q2 are quark propagators

Hadrons/Modules/MContraction/Meson.hpp



Hadrons/Modules/MContraction/WardIdentity.hpp



Hadrons/Modules/MContraction/WardIdentity.hpp



Module.hpp



Environment.hpp



Environment.cpp



Grid/qcd/action/pseudofermion/TwoFlavour.h


