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Results |

Gluonic (butterfly) operator

_|_
Gradient Flow Method
9
1 a a . g2 a a
Ly = ZFW(:B)FW () — Z@WGMVPUFMV(QS)FPU(QJ),

exp|—VF(6)] = / dA] exp (— / d4a:£9)



G rad |e nt ﬂOW Luscher, Luscher Weisz

Evolve the link variables in a fictitious flow time:

Vi () = — 08| 0 sSvwitson (V ()| Vs (8).

1

Monitor (E) = 573 > Tr[Fu(z)F*(z)]  asafunctionof ¢
Stop flowing when  ¢*(E)|,_, = 0.3
=10

Observables < O(t) > renormalizedat  u = 1/\/@

Continuum limit of < O(t) > is independent on the
chosen reference value

Caveat: note comments by Kanaya et al.
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oution of the topological charge P(Q)

uster around integers as cooling proceeds

(results for a = 0.06 fm)
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V20?2
02 =V, and T = Cy/Cy  P(Q)is Gaussian for V — o0

F(@) is ‘hidden’ in P(Q)’s cumulants




In practice only the first
two cumulants are accessible:

F(0,T)=1/2x(T)0%s(0,t)

Cumulants of

s(0,T)1 + bo(T)0% + ...

b, — <Q%>-3<Q?>2 ' ‘
2 — 12<Q2> / 0

Taylor coefficients of F'(6, 1)

DIGA — at very high temperature — predicts

F(0,T)— F(0,T) = x(T)(1 = cos(h)) . by =—1/12




Flowing towards the plateau

t2 < E > |i—t. 2—0-6 = (0.3,0.66,0.1,0.15,0.2,0.25, 0.45)

220
200
180
XO'% [MeV] 160
140

120

100

60

0.1

0.2

a=0.082fm 7T
i} | We focus
$ i on
&> 7; | t(03) — tO
$ 5 and
. 1 1(0.66)= t1
5 _
>
~d
tO 3t |
T | | | T |
03 04 0.5 0.6 0.7 0.8

Reference value



On finer lattices, plateau is almost reached:

Gradient method coincides with cooling
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Results for the topological susceptibility for M, = 270 MeV
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Continuum limit:

- In principle independent on flow limit
- we need to interpolate results at fixed scale to match T

X(T7 mw) = lim, 0 X1/4 (T7 Ay T, ta;)
X1/4(T7 Ay, M, tm) — X1/4(T7 mw) + CLQIC(T, ta:)
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Continuum results for m,. = 370 MeV

200
180 | | Used:
Bezier interp.
140 [P [ITITTTITTTT
Wiy 0 | Very slow
120 | UL [ decay:
100 | HTIIEEYT Nearly linear,
or power-like
80 1 with a
50 | | tiny exponent:

150 200 250 300 350 400 450

N
(T)4° ~ aT7940 ~ T T > 200 MeV



Detailed analysis for T > 200 MeV (use approx. linearity) - 1
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Detailed analysis for T > 200 MeV

Interpolation ok.

§ nearest-neighbor int.
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¥t [MeV]

Detailed analysis for T > 200 MeV -

A mass rescaling appears to work nicely
Bonati et al. 2016

200 —
- Bonati et al. 2016
N;=2+1,m; ~135 MeV
: rescaled as y~m;
150 |-
143444444
IOO_—
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1.0 - 1|.5 - 2|.O - 2|.5

T'/T,



However: there iIs
NnO mass
dependence..

o()c

?(Ey=3 :

B=1.95

T [MeV]

® m,~370 ® m,~370 ]
i O m,~470 my;~470 @ F‘_é_‘_
- X my~260 ] 80 - X my~260 ]
150 200 250 300 350 400 450 500 10 15 20 25
T [MeV] T/T.
?(E)y= 3 ] 200 | ?(E)y= 3
1 ' e
& $$ ] = 160-#’* ]
] > r ]
F { { i 3 {
- ) ] 1201 | — ]
] ~370 + i 1 i ° ~370 i
o 1 100 o '
O m,~220 > O m,~220 :
L X ] 80__ X ]
200 300 400 500 10 15 20 25




Possible explanation : strong scaling violations

Comparison with BNL results

numerical data courtesy S. Sharma
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Comparison with BNL results (contn’d)
numerical data courtesy S. Sharma
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Consistent trend for other temperatures: on our finer lattice
the corrections to a2 scaling seem moderate



Instanton potential - cumulants’ ratio b2

DIGA predicts

. by =—1/12

F(9,T)—F(0,T) = x(T)(1 — cos(0))
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Consistent with Bonati et al.



Results |

Fermionic operator

nyp —Nr = Qtop

m/délﬂﬁ%ip — Qtop



Topological and chiral suscepitibility Kogut, Lagae, Sinclair 1999
HotQCD, 2012

o 9 L 2 From:
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Chiral susceptibility
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Within errors, no discernable spacing dependence



= 100
O
=,
3
S
O
D
O
2
N—
S
10

500

- 4
‘ v
[]
= 1/4
- T>Tc: Xtop -
4
[ o
[]
- pion 260 MeV —ll— .
pion 370 MeV —@—
pion 470 MeV
150 200 250 300 350 400 450

T [Mev]



(M Xgisc)®? [MeV]

100 |

10 ¢

T > Tc;

1/4
Xt({p

pion 260 MeV —l—
pion 370 MeV —@—
pion 470 MeV

025 Borsanyi et al, continuum O

T [MeV]

X

Xiono o Bonati et al, a=0.057 fm v

Xion  » Bonati et al, continuum

(/Mop | | | | |
200 250 300 350 400 450




Results for physical pion mass
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Comparison with BNL results including fermionic results

numerical data courtesy S. Sharma
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Effective exponent :

XO.25 (T) _ aT_d(T)
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Faster decrease before DIGA sets in



Effective exponent :
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Same DIGA onset seen in b2 = 350 MeV
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Effective exponent d(T):
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Comparisons with other results top
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A window on the axions

Inspiring paper:
Berkowitz, Buchoff, Rinaldi Phys.Rev. D92 (2015) no.3, 034507



Theory landscape (From Tim Tait, Snowmass)




The Equation of State of the Quark Gluon Plasma paves the way to Cosmology
Cold Dark Matter candidates might have been created after the inflation

Several CDM candidates are highly speculative - but one, the axion, is

Theoretically well motivated in QCD
Amenable to quantitative estimates once QCD topological properties are known:

Post-inflationary axions

Cold dark—
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Axions ‘must’ be there: solution to the strong CP problem

2
) 9 ;u/pa a a
= F* F
Lacp(0) = Lacp + 55 5" Fy Fyp. —
Ammitted bat 0 < 107° i 92 N
Q:/d x 327r2trFF
Postulate axions, coupled to Q: /

1 1 oo
Laxions = (8 CL) (fa + 9) 202 elvpP vaFpa

Zacn(6,T) = / dA)[de][d)] exp (—TZ P EQCDw)) — exp|-VF(6,T)

Axion potential

0*F (0, T
mm)f2 =000 =),




Time from Big Bang

Temperature and Time from BigBang
are linked by the Equation of State

10 p~° 7
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Temperatures

150 MeV < T < 500 MeV

..and beyond



Temperature
Time from Big Bang

Hubble parameter
\ H(T)~T?/Mp
Axions’s freezout

3H(T) = m:(T) m«(T) =/x(T)/ fa

Quark Gluon Plasma:

Topology
Axions’ mass
and density
today
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and heating
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Axion freezout : SH(T) = ma(T)

= /x(T

)/ fa

Berkowitz Buchoff Rlnaldl 2015
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Axion density at freezout controls axion density today



Needed assumption on
fraction of DM made of axions _ .
Assume: Axions make all of Dark Matte

Instanton
e |
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PhD Thesis, G. Grilli di Cortona, Sissa 2016
(advisor G. Villadoro)



Lower limits on the axion mass assuming that axions make 100% of DM:

Tg: This work, gluonic; Bon: Bonati et al.; D: DIGA, B: Borsanyi et al.,
P: Petreczky et al., T: this work, fermionic

Borsanyi et
CULTASK al

Assuming that axions
contribute from 50% to 1% to DM

[ [ [ ‘ [ [ [ | [ [ [ |
104 105 10°

Axion mass (peV)

Updated from Nature N&V



Summary and open points |
-Gluonic operator with gradient flow method:
Strong lattice artifacts for a > 0.06 fm. The results for a = 0.06 compare well with
BNL results, where a2 corrections are still visible. No reliable continuum limit for the

topological susceptibility.

b2 is approaching the DIGA value for T > 300 MeV on all the lattices,
possibly due to a cancellation of lattice artifacts

-Fermionic operator:
Residual lattice artifacts below statistical errors, allowing a continuum limit
estimate. The results for T> 300 are broadly consistent with others once rescaled to

the physical pion mass, and confirm the DIGA behavior

We observe a faster decrease closer to Tc, in agreement with recent
instanton-dyons predictions. This feature has not been seen in other studies



Summary and open points |l

-What next for Topology and QGP phenomenology

- All'in all, there is an emerging evidence that the QGP behaves as a DIGA
for T > 300 MeV, but such evidence only comes from the exponent and
b2.Can this agreement be accidental?

The behavior around Tc is still under scrutiny, and should be clarified to better

understand the approach to DIGA, and the nature of the medium produced at the
LHC.

-What next for the lattice

Twisted mass Wilson fermions seem to perform well for topology: very little spacing
effects for the fermionic operator, access to the cumulants even on coarse lattices.

Needless to say, simulations for smaller masses, and finer lattices would be most

useful, and in view of the positive features of these fermions very worthwhile.The
disconnected susceptibilities should be measured as well.

-What next for Axions ?
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