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Overview

® Motivation & Background

® Gradient flow

e Continuous f/-function methodology

® Analysis pipeline
® Current status

® [uture directions
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Strong coupling a, ()

e Fundamental parameter of the Standard model 035 Y- . . . S
: r2decaty Em?’tg; manll
! low Q< cont. .
o Affects QCD processes [1] 0.3 Heavy Quarkonia (NNLO) —+— 7
; HERA jets (NNLO) ++—
. i Te jets/sh NNLO+NLLA) —— ]
e Important source of uncertainty 025 | IO R pole ft (NLO) —em -
n ; Pp/pPp jets [\mtg) e
O top-quark mass, Yukawa coupling, key Higgs 3 7 ;' o TEEG (NNLO) _;
production channels [1, 2, 3] 0.15 | :
e Future precision goal: 0.1 | o
L = og(m?) = 0.1180 + 0.0009 Lt

©  Global average: a(m,) = 0.1179(9)[0.8%] [1] 0.05 0 100 1000
August 2023 Q [GeV] [1 ]

O Phenomenology target: < 0.2 % [2, 3]

Navas et al. PRD 110 (2024) 030001
| Showmass 2021, 2209.10758
Snowmass 2022, 2203.08271
[FLAG2024, arXiv:2411.04268]

Kutz et al. PRD 110 (2024) 074004

O Lattice QCD currently achieves ~ 0.5 % precision [4]

e Essential for LHC precision predictions, EIC QCD
structure studies, and global PDF/QCD consistency. [3, 5]

O~ N =
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.030001
https://arxiv.org/abs/2209.10758
https://arxiv.org/abs/2203.08271
https://arxiv.org/abs/2411.04268
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.074004

a.(m,) from lattice gauge theory

TAG2024 Ol

FLAG + PDG 24 nonlattice

FLAG estimate

i
-
H—l— decoupling
] vacuum polarization
— il step scaling
: i : O-Q potential

: N = Wilson loops

lattice

1 heavy current two points

® PDG 24 nonlattice average

: @ 1 electroweak

l O : hadron colliders
= @ | ete~ jets & shapes
: O : PDF Fits
= = QQ bound states
l @ = tau-decays & low Q?

nonlattice

0.110 0.115 0.120 0.125 [FLAG2024, arXiv:2411.04268)
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a.(m,) from lattice gauge theory
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FLAG 2024 g
il FLAG + PDG 24 nonlattice
—il— FLAG estimate
H—l— decoupling
vacuum polarization
S —i- step scaling
t & i Q-Q potential
gradient flow step-scaling Yoints
~.
\ Il FLAG estimate \erage
ALPHA 17
' n PACS-CS 09A

gradient flow step-scaling + decoupling

l o I ALPHA 22
0.110 0.115; 0.120 0.125

0.110 0.115 0.120

0.125

a,(m,) from four flavor lattice QCD using gradient flow

[FLAG2024, arXiv:2411.04268]
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Gradient flow f-function

® Gradient flow: continuous smearing transformation -1

© Evolves the gauge fields along a fictitious flow time 7. [1]
O Describes a renormalization group (RG) transformation [2] HEEEEEE

e RG p-function encodes how the g(u) varies with . -
EEENNEE
® The renormalized gradient-flow coupling 1T |
© Finite volume, with bare coupling f, = lO/gg, RS 11
© In terms of flowed Yang-Mills energy density E(7) =======
g(Z;F(TQ ,Bb) X 72<E(T)>ﬁb HEEEEER

dg(z}F(T§ Pp)

e GF f/-function: S .(r;5,)=—1

dT 1] [Luescher, M., JHEP 08 (2010) 71]
2] [Carosso, A., et. al., PRL 121 (2018) 201601]
] [Hasenfratz A., Witzel O., Phys.Rev.D 101 (2020) 3, 034514]

A

(&
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https://link.springer.com/article/10.1007/JHEP08(2010)071
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.201601
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.034514

Continuous fS-function method

> 5*‘7‘ 8Gr
.r 4.:;’4:?4!"..
AR A2 A

l“-mé-ufgnrz‘raa'gn 4 y |

Ll '.5'4&'4'4'."744,'4‘ 1. Finite-volume g¢ . & /-function
A\Qi*aa’:syﬁ;vﬁ,"@, % GF
SRS, | - 2
4\4 S A 7'45.74.4 2. Chiral (am, — 0) limit 9
AR <

Sl %% 3. Infinite volume (a/L — 0) limit <

A,
IS D
i/ AN
/ /~
A
/

4. Continuum (a*/7 — 0) limit
———————————————————————————————————

N
AN

lllustration

Infinite volume

Finite volume _
& continuum

lattice
1] [Fodor, Z. et. al., JHEP (2014) 018]

* . i ] 2] [Hasenfratz, A., Peterson, C.T., PRD 108, 014502 (2023)]
In the strong coupling (confined) regime (3] [Hasenfratz A.. Witzel O.. Phys.Rev.D 101 (2020) 3. 034514]
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https://link.springer.com/article/10.1007/JHEP09(2014)018
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.014502
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.034514

From ﬁGF(g(Z}F) — /87y Ays
*<’L'2E(T)> = 0.3 [1]

e Schematically: =1

2
EGF (T) d X 8¢ =02 fm 8z = 0.5 fm
STAGF ~ exp | — — = ’

® |ntegrate géF =0 - géF(TO*)
o Agr — Agjs: known exactly at 1-loop
© Requires matchlng with perturbation theory

e (O (mz) and AMS —_ AQCD ale
Interchangeable.

9)
7/ )

lllustration

o . . _
Calculating Ayss is easier (in our case) 11 lLusscher. .. JHEP 08 (2010) 711

[2] [Hasenfratz, A., Peterson, C.T., PRD 108, 014502 (2023)]
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https://link.springer.com/article/10.1007/JHEP08(2010)071
https://arxiv.org/abs/2303.00704

\/ STOAM_S at Nf —_ O PRV roA, N¢,=0 ﬁ

— FLAG estimate for Ny=0
e Using the continuous-/ function w s
method at Nf = (). .- |
= ’ ALPHA 98
o ForN,= O flavors, .
a,(my) = 0.08286(28)[0.3%] o | —

uses /87y Axgs = 0.622(10)[1.6%] 11 ] e

HH Wong 23

’

Hasenfratz 23

® The goal is to reach comparable

precision.
% il Kitazawa 16
HEH QCDSF/UKQCD 05
[1] [Hasenfratz, A, et. al.. PRD 108, 014502 (2023)] 0.50 055 0.60 0.65 0.70 o]
[2] [FLAG2024, arXiv:2411.04268]
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https://arxiv.org/abs/2303.00704
https://arxiv.org/abs/2411.04268

a (m,) from HISQ at Nf — 4

e Targeting the a (m,)

O Nf = 4 using highly improved staggered quark (HISQ) action [1]

o Switching to hypercubic (HYP) action at strong coupling (future).
© Similar approach as NV, = 0

© Additional chiral am, — 0 limit step (at strong coupling)

© 1, in the chiral limit: an ongoing investigation
o \/8_1'01\% — as(4)(mz) . T, + run coupling to 5-loop a§4)(/4) 2]
o a§4)(mz) — as(s)(mz) . perturbative decoupling

o Alternatively, \/S_%Aﬁ_)s — STOA% for our case

[1] [Follana et al., Phys. Rev. D 75 (2007) 054502]
[2] [Herzog, F., JHEP 02 (2017) 090]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.75.054502
https://link.springer.com/article/10.1007/JHEP02(2017)090

Gradient flow S-function
L/a = 32, Wilson flow (W), Wilson operator (W)

e Weak couplings over i Baae WW

3.0 < f, £20.0 (9 total) _2_: L/ljozggrip/(;l?téor[lzs 5]

O Massless am; = 0

e Volumes: 20 < L/a < 48,
(L/a)’ x (2L/a) (5 total)

e Strong couplings over |
700 S ﬁb S 750 (3 tOtaI) _10.- By = 7.25, amy = 0.0025
- By = 7.25, amy = 0.005

O Three bare masses : By = 7.50, am; = 0.001

KA By = 7.50, amy = 0.0025

am, = (1.0, 2.5, 5.0) X 10~ —12- S =70 oy =005 ?F?O-OI N

0 D 10 15
géF(7_3 myg, L, Bb)

Yash Mandlecha (MSU) | a,(m,) from four flavor lattice QCD using gradient flow | 12/ 30

1-loop universal
2-loop universal

3-loop GF

By, = 7.00, am; = 0.001
By = 7.00, am; = 0.0025

o
KA B, = 7.00, ams = 0.005
K
A

ﬂGF(T; my, L7 ﬁb)
|

By = 7.25, amy = 0.001

1 1 1 11 B

[Harlander, Neumann, JHEP 06 (2016) 161]



https://link.springer.com/article/10.1007/JHEP06(2016)161

5GF(T; mi, L7 55)

—10-

—12-

1 A A O HA HOH O KA FOA

1-loop universal
2-loop universal

3-loop GF
9¢r(10)

By = 7.00,
By = 7.00,
By = 7.00,
By = 7.25,
By = 7.25,
By = 7.25,
By = 7.50,
By = 7.50,
By = 7.50,

am; = 0.001
amy = 0.0025
amy; = 0.005
am; = 0.001
amy = 0.0025
amy; = 0.005
amy; = 0.001
am; = 0.0025
amy = 0.005

11 1 1 £

No Extrapolations

L/a =32 7/a> € [2,5]

By = 18.0
B, = 20.0

WW

Yash Mandlecha (MSU)

5

0 1I5-'
géF<7_7 mi, L7 Bb)

0.00-
—0.01-

Sa f
d —0.02'_
\'5 :
5 —0.03-
S |
~ |
B (.04
~ |
2 _
— —0.097
U ]
pal |
—0.06-
—0.07-

Gradient flow S-function
L/a = 32, Wilson flow (W), Wilson operator (W)

aalsalsa

1-loop univ
2-loop univ
3-loop GF
By = 8.00
By = 8.50
By = 9.00

+

.@.

+

By = 10.0
By = 12.0
By = 14.0
By = 16.0
By = 18.0
By'= 20.0

WW

No Extrapolations

Lia=13271/a*€[2,5]

géF(Ta La 5())

4

[Harlander, Neumann, JHEP 06 (2016) 161]
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https://link.springer.com/article/10.1007/JHEP06(2016)161

Chiral Extrapolation
At strong coupling for N, = 4

o We simulate our strongest couplings with HISQ action currently
o f,=7.00,7.25, and 7.50, with am, = (1.0, 2.5, 5.0) x 107 .

e For sufficiently small fermion masses, the gradient-flow coupling is
expected to depend linearly on am at fixed 7 [1]

e The renormalized coupling géF(T; L, ) must also be evaluated in the

massless limit at strong couplings.
[1] [Bar, Golterman, Phys. Rev. D 89 (2014) 034505]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.034505

Chiral Extrapolation

From Nf = 4 results

T/a* = 4.0 T/a* = 5.0 T/a* =60 —— 1/a*=7.0 T/a* = 8.0
061 B =7.00 WW| 1971 5, = 7.25 WW By = 7.50 WW
s o — a— Fo R - L o
= 18- 14 - o T -
@24- _______ B===""" L. i ] j 5
| R ——_ - [ e e ¢ N - e 2 _
d | — . 173 i o 13-_ (OR 03
~ 22 p===mT — _: |
o227 | 16
S | S . = _______ S I N 2 g 12_- _______ o e o
20 e 15 - '
Ng 18'- 14 - 11'_
_ 13- _
16 : 107
©0.0010  0.0025  0.0050  0.0010  0.0025  0.0050  0.0010  0.0025  0.0050
Cme Cme amf

Extrapolate g;p(7; my, L, ) linearly in am; — 0 at fixed f, and 7/ a’.
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Infinite volume extrapolation

At weak coupling

® Finite-volume effects are expected to go like /L%, [1]

O Investigate transition to different leading behavior at stronger
couplings.

® Weakly coupled ensembles probe smaller flow times

O Decrease In flow time mitigates the effect of the smaller physical
box size L.

e Additional volume might be added to the analysis to have better
control over infinite volume extrapolation at the weaker couplings.

[1] [Fodor et al., JHEP 11 (2012) 007
[2] [Fodor et al., JHEP 09 (2014) 018]
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https://link.springer.com/article/10.1007/JHEP11(2012)007
https://link.springer.com/article/10.1007/JHEP09(2014)018

Infinite volume extrapolation
At weak coupling

T/a* = 4.0 T/a* = 5.0 T/a* = 6.0 T/a* = 7.0 T/a* = 8.0
0.889 1 5, = 18.0 WW 0750 - By = 20.0 le_
0.880 - 2 * r * :
0.875 - } $ | 0.745- ; = =
S ¢
N8}
3 U870 " F: i 0.740- s ; =
& 0.865
- 0.735 -
X 0.860
- 0.730 -
0.850 - 0.725 -
(483 x 96)~L(40% x 80)" (323 x 64)~1 (483 x 96)~L(40° x 80)" (323 x G4)~1
170713 47(713
a”/(LiLy) a”/(LiLy)

Extrapolate géF(T; L, /) linearly in a’/ (LS3Lt) — 0 at fixed f, and 7/ a’ (largest 3 volumes).
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Infinite volume extrapolation
At weak coupling

T/a® = 4.0 T/a* = 5.0 T/a* = 6.0 T/a* = 17.0 T/a* = 8.0
1.381 by = 14.0 ; WWI  1.081 8, =16.0 WW
—¥—
T 1.07 1 + T +
1.36 - ¢ ==
- + 4+ + -+
D 1.06 -
- ; -
~ 134 - 3 = -
&t 1.05-
[z,
@
1.30- 1.03 1
(48 < 96) " (407 < 80)~! (32° < 64) ! (48 < 96) " (40° < 80)~" (323 < 64)~1
4 3 4 3
d /(LsLt> d /(LsLt)

Extrapolate g;(7; L, f3,) linearly in a*/(L’L,) — 0 at fixed 3, and 7/a” (largest 3 volumes).

Yash Mandlecha (MSU) | a,(m,) from four flavor lattice QCD using gradient flow | 18/ 30



é\\“ r
{

Continuum Extrapolation*

e The L/a = 32 data is used as a proxy for the infinite-volume data

o Until the full infinite-volume analysis data is available.
O The figures shown are preliminary.

e The continuum limit is obtained at fixed géF from a linear

extrapolation In a’lt — 0, within a chosen flow-time window.
o Wilson, clover, and Symanzik operator definitions are compared.

e This necessitates the interpolation, performed on L/a = 32 data
at each bare coupling /.
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Intermediate Interpolation

e At each fixed flow time 7/ az, the beta function is interpolated as a

function of the renormalized coupling géF(T).
® Adopted ansatz:

ﬁGF(g(Z}Fa py) = po+ géF (Pl T p2g(2}F T P38éF T p4ggF)

O The fit ansatz is motivated by the perturbative behavior of the
continuum f-function.

e The fitted coefficients p,, i € |0,4] are determined independently at
each fixed flow time.
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Intermediate Interpolation

O__.._“’. : y
‘ - : - — Wilson
| \\ _003 clover
—21 : L —— Symanzik
: i _‘ 1-loop univ
_ . —0.04 - ' ‘ 2-loop univ
—4 : ' 3-loop GF
| _E—0.05- N m—
L —( = _ —
O ! ~—
\a} CLB :
| —— Wilson 5 —0.061
_ 8- _
- clover _
| —— Symanzik 0 07
—10- ;EZE zzz Intermediate interpolation Y | o [ntermediate interpolation
| 3-loop GF ) - ? V't - )
DY B L/a =32, 7/a*> € [6,8 —0.08- Lja=32 1/a” €6,8]
o 5 10 15 0 1 2 3 4
2
géF 9GF
Yash Mandlecha (MSU) | a,(m,) from four flavor lattice QCD using gradient flow | 21/ 30




g
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\\

»

W:ilson
Clczver
Sy:manzik

1-}oop univ

2-Toop univ Intermediate interpolation

3-Joop GF L/a =32, 7/a* € [658]
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9 (70)
®510 - '1l5:

2
a’lt dar

Intermediate Interpolation

—0.03

— Wilson

clover

—— Symanzik

1-loop univ
2-loop univ
3-loop GF

(m

Intermedjate interpolation

L/a=382 7/a> € [6,8]
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Continuum Extrapolation*

Without tree-level normalization

0 O_' & Wilson & clover ¢ Symanzik
—0.1-
—0.2-
S _0.3-
t/ i
[,
&
Q ]
—0.4-
—05] 1T
] I‘In,nn
—0.6- Continuum e><:tlrapo1ateglI
_ L/a =232 17/a* € [6,8]
0.00 005 010 015 020  0.25
a’/T
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—10 -

® Wilson ¢ clover ® Symanzik
-------------- LR ger = 4.0
e Continum extrapolated
| Lia=232 1/a*> € [6,8]
0.00 0.05 010 015 020 0.5
a’/T
|
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Gradient flow S-function

After continuum extrapolation®

—12-

| —— Wilson

—10-

clover
—— Symanzik
1-loop universal

2-loop universal
3-loop GF

Continuum extrapolatedé
L/a =32, 7/a* €6,8§]
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0 15
9cr

>
| —— Wilson y;
_0.02 i /
- clover 7
| —— Symanzik . /’/
| —— 1.loop universal Continuum extrapolated
- 2
—0.031 - 2-loop universal L/a =32, T/a < [67 8}
1 ——- 3-loop GF //’
¢/‘
] /’/
—0.04-
_ &
>
_ g
] v
-
] ‘/‘/
_0.05- ‘ :("/‘_/, — —
_‘\@g_—;:; ’# : i
—0.06f T
0 2 4
2
gcr

[Harlander, Neumann, JHEP 06 (2016) 161]
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GF

<t

Bar/ g

Gradient flow S-function

After continuum extrapolation®

—0.02-
—0.03-
—0.04-
—0.05-3

—0.06-

—— Wilson

clover

| —— Symanzik

—— 1-loop universal

----- 2-loop universal

1 ——- 3-loop GF

Continuum extrapolated
L/a=32,7/a* € [6,8]
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Bar / géF

—0.046- |

_ P
—0048 Continuum Cth”Qapolath | ’//

: L/ia=32 1/a" € 6,8 7
—0.050-
—0.052-
—0.054-
—0.056- N N

| —— Wilson) = el

1 —— chiver--F-t----4-Xh- b oo
—0.008 | — sSymanzk T

| — 1doop wniversal T
—0.0607 ----- 2-loop universal T

| —— 3-loop GF -
—0.062 | e ———

2
9Gr

[Harlander, Neumann, JHEP 06 (2016) 161]
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https://link.springer.com/article/10.1007/JHEP06(2016)161

Future goals

e Continue the analysis steps while the data with ensembles at all
volumes is completing.

e Obtain infinite-volume extrapolations over strong and weak couplings.

e Obtain the continuum extrapolations with the infinite-volume data.

e Estimate the A-parameter in the gradient-flow and MS schemes.
e Running a new set of simulations with HYP action at strong coupling
o Analysis on the HYP & HISQ ensembles will be done separately
O Final result will be obtained by continuing from overlap of the
continuum results.
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Quark masses &
fermion flow for staggered fermions

e Can also be extended to a fully gauge-invariant determination of quark
masses and anomalous dimensions, opening a parallel precision
program beyond the beta function.

e Significant progress made with the fermion flow implementation in
Quantum EXpressions (QEX).

See talks by
Akhil Chauhan

11:30 am, May 12

Nathan Mackey

9:30 am, May 14
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Thank you for your time.

Questions?




Backup slides




Accomplishments so far

¢ Generated gauge configurations at weak couplings

o for several volumes (L/a)’ X (2L/a) with Ny = 4 massless flavors.

® Also equilibrated ensembles at strong couplings at three bare masses.
e |[nvolved with the analysis steps of the data, generating the flowed data.
e Chiral extrapolation for the strong coupling regime.

e Examined infinite-volume extrapolations for weakest couplings

B, = 14, 16, 18, 20.

[Mandlecha et al., PoS LATTICE2025 (2025) 207]
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Gradient flow

e Gradient flow: continuous smearing transformation
© evolves the fields along a fictitious flow time 7. [1]

dU,(x,7) _ 0S(U,)

— _ U,(x,0) =U,x)
dt 50 6Uﬂ(x, T) 3 4

o Suppresses UV fluctuations above resolution scale

ur1/r,
® Describes a Renormalization Group transformation
O Coarse-graining at level of expectation values

EEEEEEE
EEEEEEE
EEENNN.
HENT AN
|

RS
AEENEEE
EEENEEE
EEENEEE

[1] [Luescher, M., JHEP 08 (2010) 71]

[2] Hasenfratz A., Witzel O., Phys.Rev.D 101 (2020) 3, 034514
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https://link.springer.com/article/10.1007/JHEP08(2010)071
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.034514

Interpolation
L/a=32,7/a* € [6,8]

0.5
0.4 -
D)
=
§ 0.3
A
0.2
0.1
5 6 7 3 9
T/a?
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Continuum Extrapolation*

With tree-level normalization

0.0 - I Wilson I clover
O-O~O—O
—0.1 5 ~CO000000-0-0-0-0-8 O O O O
—0 2- 0000000089900

BGF(Tv 9(2))
5
o

g9&p =13

géF =1.8

géF =2.2

9&p = 2.6

~0.41

—0.5] T
1 . ﬁﬁﬁﬁ g9ér = 3.0|

Continuum extrapolated

| TLN, L/a = 32

0.6 +——
0.00 0.05 0.10 0.15 0.20

a’/T
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6GF(7-7 g(%)

_10_

® Wilson ® clover

0000000 98-8-0-0-8-0—O0—0—0 g2p =4.0
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Gradient flow S-function

After continuum extrapolation* with tree-level normalization
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Gradient flow S-function

After continuum extrapolation* with tree-level normalization
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Gradient flow S-function

With tree-level normalization
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[Harlander, Neumann, JHEP 06 (2016) 161]
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Infinite volume extrapolation
At weak coupling
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Extrapolate géF(T; L,$3,) linearly in a*/(L’L,) — 0 at fixed 3, and 7/a* (largest 4 volumes).

Yash Mandlecha (MSU) | a,(m,) from four flavor lattice QCD using gradient flow | 38



ﬁGF(T) vs 7/a* for largest volumes

Yash Mandlecha (MSU)
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ﬁGF(T) VS T/(lz for all volumes

Yash Mandlecha (MSU)

0.00-

—0.15

0.04

0.02 -

—0.08

—o— L/a=48 —o— L/a=40

By = 14.0

—o— L/a =32
0.025';
0.000';

—0.025'5

—0.050';

—0.075';

—0.100 -

0.02-
0.00—5
—0.02-
—0.04-

—0.061

—o— L/a=24 —o— L/a =20

B, = 16.0

a(m,) from four flavor lattice QCD using gradient flow

40



géF(T) vs 7/a* for largest volumes

Yash Mandlecha (MSU)
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géF(T) vs 7/a* for all volumes
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ﬁGF(T) vs 7/a” for largest volumes

Yash Mandlecha (MSU)
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Pcr(T) vs t/a*for L/a = 32
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géF(T) vs 7/a* for largest volumes (full range)

—o— [ /a =48 L/ia=40  —e— L/a =32
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Infinite volume extrapolation

From Nf = () results
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Extrapolate /r(7; L, goz) linearly in (a/L)* — 0 at fixed 3, and 7/a”.
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Intermediate interpolation

From Nf = () results
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Now, continuum limit can be taken at fixed géF

[Hasenfratz, A., Peterson, C.T., PRD 108, 014502 (2023)]
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Continuum extrapolation

From Nf = () results
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Effective f-function & A-parameter

e /\-parameter requires [ down to

2
8Gr =0
O Parameterize

:B4(gGF) — gGF Z bngF

© by, by, by = perturbatlve values

© b, determined by matching to

Popover 1.4 < géF < 1.8

O Systematic uncertainties
associated with matching range
under control

[Hasenfratz, A., Peterson, C.T., PRD 108, 014502 (2023)]
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Quark masses & fermion flow for staggered fermions

¢ Running quark masses from ;/m(gz) in the GF scheme

e v from gradient-flowed pseudoscalar / vector correlators

n,) = — 0
fmi T2 4 dlogz °\ C7(ny)

® Renormalized masses from the flowed PCAC relation

e MS conversion: short-flow-time matching + 7 — 0 extrapolation
O gauge-invariant, helps avoid the window problem.

e Significant progress made with the fermion flow implementation in
Quantum EXpressions (QEX).
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