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EARLY UNIVERSE MAGNETARS HEAVY ION-COLLISION

Energy, evolution — Friedmann eq. m(r) of NS relations — TOV eq. QOGP — Hadronization — Freeze-out



EOS IN STRONG MAGNETIC FIELDS
AND NON-ZERO BARYON DENSITY

Equilibrium description of strong interacting matter
p,e,o=f(T,u,eB,...)

EARLY UNIVERSE MAGNETARS HEAVY ION-COLLISION

Energy, evolution — Friedmann eq. m(r) of NS relations - TOV eq. QOGP — Hadronization — Freeze-out
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EOS IN STRONG MAGNETIC FIELDS

AND NON-ZERO BARYON DENSITY

% Interest in rich QCD phase structure at SIGN-PROBLEM
finite T and non-zero u! *

* QCD pressure Taylor expanded as

. TAYLOR EXPAND
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RECENT WORKS:

CONSERVED CHARGES IN MAGNETIC FIELDS
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* Recent review article:

“QGD with background electromagnetic
fields on the lattice: a review”
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https://arxiv.org/abs/2406.19780

(2+1)-FLAVOR QCD LATTICE
INGREDIENTS

» HISQ & tree-level improved Symanzik gauge

action
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N
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» lLattice: N,J/JN,=4 and N, =8, 12 — cont. est.
(one additional N, = 16)

» Non-zero p and T: 'laylor expansion, around T,

T = [145 — 166) MeV
QCD magnetometer

BQ
11
Phys. Rev. Lett. 132, 201903 (2024)

+ Physical pion mass: mP™ / m,, = 27,
M_= 135 MeV

» Magnetic field: No sign-problem! Fixed U(1)

phase factor with PBC, Balietal.. JHEP 02 (2012) 044
eB = 67N, a=*N*
ranging: N, = [1 — 32]
[M? — 45M?) ~ [0.02 — 0.8) GeV?

THERMODYNAMICS



INITIAL NUCLEI CONDITIONS

Strangeness neutrality : n> = 0 —I— Isospin symmetry : n®/n® =r

s = Hois(Ts€Bo i) o fup = gy + qafis + OGig) + ... F=0.5

Isospin
symmetric

Dok—1> S2k—1 ps/pg = 1+ S3/;t\]23 + O(pg) + ...

BS, BS

e —aar) = ave ) (S + ) ir=04 J

" HIC ~ Isospin
S I
A2 , asymmetry

71 = S QS B sy I 51 =
(25 = 02 3°) = 7 (25 — 1B 2)

HotQCD, Phys. Rev. Lett. 109 (2012) 192302
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Ho/pg IN THE PRESENCE OF eB
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Ho/pg IN THE PRESENCE OF eB
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Ho/pg IN THE PRESENCE OF eB
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Ho/pg IN THE PRESENCE OF eB
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Us/ g IN THE PRESENCE OF ¢B
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MAGNETIC EOS: PRESSURE [,

Ap = p(T, eB, ug) — p(T,eB,0) = Y Py (T, eB) i3k

1
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MAGNETIC EOS: PRESSURE [,

Ap = p(T, eB, pg) — P(T, eB.0) = ¥ Py (T, eB) fik

1
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MAGNETIC EOS: PRESSURE [,

Ap = p(T, eB, ug) — p(T,eB,0) = Y Py (T, eB) i3k
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MAGNETIC EOS: PRESSURE [’, Vs [
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ENERGY AND ENTROPY DENSITY

o0

Ae = &(T,pg) — &(T0) = Y e(T.eB) j¥ & Aé= Y oy (T.eB) a3k
k=1 k=1

% Clearly, very strong eB modifies the T dependence of P,,

e5(T,eB) = 3P, + TP, — rTq;N; e, and o,

o,(T,eB) = €, + P, + TPy — (1 + rq))Ny

% Peak structure developed in P,, corresponds to decrease
1in magnitude of €, and o,
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TAKE HOME MESSAGE

* Explored (2 + 1)-f QCD magnetic EoS at non-zero density, upto leading order, from
first principle lattice calculation using Taylor expansion

* HRG breaks down 1n strong eB regime. For smaller eB, good agreement with QM-HRG
subject to lower T

% Daitferent growth rates of bulk observables with eB. Crossing in 7, and mild peak shift of
P, towards low T as eB grows; T, lowering
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BARYON DENSITY OVER PRESSURE
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% Deviation from unity, reflects
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NEXT-TO-LEADING ORDER

* Ongoing work: insights on next-to-leading order contributions. n® dominant
to Ap (factor ~ 2), but interestingly as eB grows contributions reduce drastically:
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CONTINUUM ESTIMATES VS EXTRAPOLATIONS
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TRANSITION LINE AND CHIRAL SUSCEPTIBILITY
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% Finding the peak location of y,, at
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