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QCD phase transition at nonzero isospin

QCD phase diagram in 1" — u; plane
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— Sign-problem-free simulations at y; # 0 + Pionic A driving spontaneous breaking at finite V

— Second order O(2) transition at onset of charged-pion BEC
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What if dynamical photons are included in isospin-asymmetric QCD?



st order transition driven by dynamic photons

® C(Charged pion <7Z'i> coupled to dynamic photons ;

Fln*,A®™] ~ | D, z*|*,with D, = 9, — ieA™

® Cubic term appears after gauge fluctuations integrated :

Halperin, Lubensky, Ma, PRL 32 (1974) 292

Vi (z%) D — e’ |7 \3 . Giannakis, et.al., PRL 93 (2004) 232301
Veﬁ A e=0: Icontinuous onset
— 3|3 — e=0: single minimum slides off zero continuously, Nno barrier = 2nd order
— g )
7] . . -
— e=#£0: barrier and rival minimum appear = 1st order
jJump
& >

e#0: 1st order



Strategy: expansion in e around QCD at u; # 0

0 Complex action for QCD+QED at y; # 0: unequal charges g, # g, break u < d pairing

& Taylor expand the free-energy density :  f(u,, ) = f(u;,0) 1 - + @(64)

Photon propagator A,
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Current-current correlator (j,.j.)qQcp

The ‘pineapple’: leading order dynamical QED effect, as photon propagator @ vector current-current correlator
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— Z A, () (j,(0),(0)) = v Z

12
e=0 4 keBZNQED, , 1, k

( Feynman-gauge photon, lattice momentum lAc)



Strategy: expansion in e around QCD at u; # 0

0 Complex action for QCD+QED at y; # 0: unequal charges g, # g, break u < d pairing

Photon propagator A,

9) 9)

e 0 T

& Taylor expand the free-energy density : fluy, e) = f(u,0) 4 > _0 ]; 4 @(64)
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Current-current correlator (j,.j.)qQcp

LO dynamical QED effect on thermodynamics:

2
e =~
Pressure  P(uy, e) = — f(u;, e) = P(u;,0) 5 {CE:} +0(e*)
. . _ Oflug.e) e o .
lsospin density 1y (pp, €) = ” = ny(p,0) > o +0(e”)
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Simulation details

® (2+1)-f pure-QCD staggered ensembiles at finite y; and 4 :

O 16° x 6 O 24°x6 < 329 %6
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— Fixed f, = 3.45, N, = 6, at physical point m/m; ~ 28.15
— Three spatial volumes N, = 16, 24, 32

— Scan along y; direction for each a4 € [0.0006, 0.0075] with ay; € [0,0.135]



Simulation details

® Full (2+1)-f current-current correlator : connected + disconnected + tadpole

TR T (Az, A7) ) (%, 7)
Y e ShLTTT Y el AL | - T 1<
//S.OUFC; //j: SR :/ | /SOUKCQ»’,, 1" ot '40
T ¢ ¢’ i sink i ! T l/.._,.ﬁ sink T ‘/ sink
/ . _:/// —e source
L > 2 L > 2 L > 2
Wall source Planar source (new) Point source
AD(2 N\ — /: :
CiP(AZ) = )" CiP(x,y, Az,7) C2P(Az, A7) = ) CiP(x.y, Az, At) C (7, 7) = (j,(x, ¥, 2,7) j,(0))
X,V,T x,y1 l
I1,,(0,0,k_,0) I1,,0,0.k, k) I,k k,, k., k.)
X 1D projection cannot give & . rest of the BZ from spatial symmetry Nno reconstruction, with fine precision

= model-dependent (interp. + extrap.)



Validation: point v.s. planar v.s. wall source

Current—current correlator C,, using different sources

1D
wall-src. C,’(Az)

2D
planar-src. C;(Az, At)

| Re[Cu(Az)] | Conn. |
— Conn. s
B Q rrrrr : lower bound consis
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BB 5 g @ & & &
_ T B W .
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v
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point-src. C,,(Ar, At)
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open: planar L X open: planar
filled: wall . cross: point
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] 10—4 L g E E |
B & 9 ® 9 ;B_fzazsszssgzaza
Py ¥ e o JTROT DL RTEE
Y v i 4 j 3 P o X X X &
voo- 10-% | X Y ¥
\ v
| —10 |
10 C/f/?_’w projection : 2 C;‘/?(AF, A7)
T FEEEE Lo EEEEREEER 10—12 pn b IR Liviiinn IR Iél).c’.é.y.l ......... Livniinn Livuiinny IR IR L L L
10 11 12 13 o 1 2 3 4 5 6 7 8 9 10 11 12

Az/a (at AT =0)

C;}f from different sources agree channel-by-channel in 1D and 2D projections



Bare pineapple & across (4, y;) grid
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with  TL, (k) = ) e **CiD(x)

H
X

— ‘Bare’: P =L _ (U A) + P(4)

Crit.

— Flatter below y; ™ as A — 0

Ccrit.

— Steeper rise across p; - as A — 0

— Slight volume effect



Pineapple & after 4 — 0 extrapolation

A — 0 extrap. via linear and quadratic ansatz

x 102
02f/0e?|._o (lattice unit _ 3
[ c—o (lattice units) N, XN. =24 X6
5.90 . | ]
-V 150 D 0.90 pt
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I aA-linear, a <0.0025 ]
:@(I: (faded: continued past 0.0025) 1
5.78 rE s - aA-quadratic, all a\ .
:@ i3 lin A —0 ]
[ quad A —0 T
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— Silver-Blaze-like plateau appears after A — 0 extrap., with a sharp rise across the onset

UV-subtracted AZ?(u;) = P(u;, A —» 0) — P(u; = 0,1 = 0)
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Pressure with dynamical QED correction
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Pure QCD pressure by integrating

n](lu]a ﬁ) = —

Hy

e? _
5 [@ (up, A) — (0, 4)

0

\l/ \ 4
LO e expansion coefficient

af(:u]a /1) 2

e
p Py, 2, €) = Plyug, Ay e = 0) ——P (1, 1) +0(e*)
Uy 2

QED effect lowers the pressure at every (y;, 4)



Pressure with dynamical QED correction
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[sospin density at O(e?): the pressure slope

<0
P (lattice units) ap™ ~0.10
5880 . o )
- 24° x 6; sigmoid fits: ZX /dof = 25.5/20
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of(u,, e oP(u,, e e? 0P
nl(//tla e) = f(ﬂl ) — (IMI ) — nI(:uIae — O) (’MI) ' @(64)
Oy Oy Oy
AC,2(x; py)
A4 7 < Opy >U
Higher-point operator needed, but not yet measured
0L

g is zero below ™ as A — 0, with sharp peak around p™
Hi

— Peak grows and narrows as 4 — 0

— Need to be confirmed by direct measurements



Summary & outlook

ol QED Is calculated from full 4D current-current correlator with point source

|V

o Uy independence of pineapple before onset of BEC, while sharp rise across transition region

[ Fine lattice spacings to control the continuum limit; improved 1 — O extrapolation

] Direct calculation of the pineapple derivative w.r.t. various parameters (u;, A,m,...)
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Backup



From C?°(z, 7) to Brillouin-zone sum

{ QgD = —

AT 1
)

2
\L,/ Vs k€BZNQED, | ; k

BZ corner

ds > T

_ qs < T

> 10, (k, ky)
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0.20 |
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e
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e
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o i Unknown
o | BZ corner

e qS :

0 1 2 3 4 5

_ 2T 23' 2, with onl fm; e {_NS +1 —NS} d oth
= — nm., witih only one ol m; sttt and owner zCero
BTN, i d 2 2

&) 2D planar correlator fixes IT, (k) exactly only on the axis slice k = {(0,0,k3, k), (0,k,,0,&), (k1,0,0,k,) }
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From C?°(z, 7) to Brillouin-zone sum

e

&Y Reconstruction of H(l;, k,) via O(3) spatial symm.

:‘\\\\}
i splinena T C :’«" —————— i P
o . ’ 1 - - T u
0.30 F— s cosfo ' L _ - - ® | <
l ! . e 2 T e ] nterior 7T
cnil ade ancnor </ : —
I , 5 | ]
cos ‘ i i

0.25 |

0.20 interpolate In q2 via ansatz { linear, spline, PCHIP, cosine poly. }

0.15 F
0.10 |

® BZcornerrzw < \l_c)\ S\/gﬂ'

0.05

0.00 |

extrapolate Iin q2 via ansatz { plateau, cos-fold,
Pade, drop-corner}

ATR _ | %, Wyulk-ky
| ’ Y

- can be constructed completely!
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Result: cumulative contribution to pineapple

1 Zﬂnﬂﬂ(z’ ky)
Accumulate momentum sum ordered by g, : P(q, < g,) = — Z s
Vy 2 k2
k4’|k,|<q
0.05 F e
0.04
g 0.03
o | Interpolation
w V02T region
Y
0.01 | ]
' Extrapolated
_ BZ corner
0.00 - _
OIIII1IIII2IIII3 IIIII 4IIII5III

N ds
® Interior | k| < 7 : different interp. ansatz almost coincide — correlator data well shape the curve profile

® BZcornerzm < \I_c)\ < \/572' . contributes about 35%:; different schemes split; UV-sensitive piece



