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Why study isospin asymmetric matter

@ Isospin density n; = n, — nyg
@ Consequences of isospin asymmetric matter :

© Excess of neutrons over protons
© Excess of m_ over

@ Relevance?



Motivation /namics and EoS
©e000 OO

Why study isospin asymmetric matter

@ Isospin density n; = n, — ny
@ Consequences of isospin asymmetric matter :

@ Excess of neutrons over protons
@ Excess of m_ over 7y

@ Relevance?
@ Heavy lon collisions, specifically RHIC isobar program
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Why study isospin asymmetric matter

@ Isospin density n; = n, — ng
@ Consequences of isospin asymmetric matter :

© Excess of neutrons over protons
© Excess of m_ over

@ Relevance?

© Heavy lon collisions, specifically RHIC isobar program
@ Neutron stars : interior and composition
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Georgia Tech (Caltech Media Assets) Lopes, Farias, Dexheimer, Bandyopadhyay, Ramos;
Phys.Rev.D 106 (2022) 12, L121301
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QCD Phase Dlagram
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QCD Phase Diagram
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The sign problem

@ The partition function calculation in Lattice QCD produces a
fermion functional determinant :
DetM = Det (1D +m + o)

@ Considering a complex value of u if one takes the determinant
of both sides of the identity
Y5 (D +m+ pyo) s = (P + m — p*yo)
one obtains
Det (ID +m + puyo) = [Det (I +m — p*y0)]”

T

@ Unless u = 0,Z; DetM is not real — Sign problem.

@ So, for real u it is not possible to carry out the direct sampling
on a finite density ensemble by Monte Carlo methods.
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No sign problem for finite isospin density

@ So, we need real Det M (not necessarily positive if we are
dealing with even number of flavors) which can correspond to
the identity: Mt = PMP1.

E.g. for u =0 and P = s, ’75(m+m)75_1: (lD"‘m)T

@ Now for 2 flavor QCD with finite isospin density, M has a
block diagonal structure

M(ur) = (L%“) L(_OM))

L(ur) being the Dirac operator for one flavor with p;.
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No sign problem for finite isospin density

In presence of finite Baryonic and Isospin chemical potentials, the
quark chemical potentials can be expressed as :

P = =3~ + I
_HB _
Hd 3 I

When we have vanishing Baryonic chemical potential :

Mo = K1
Md = —Hr1
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No sign problem for finite isospin density

L(pg) satisfies LT (jur) = v L(—p1)7s.

Hence, the positivity condition is satisfied by setting

0 V5>
P—
(’75 0
e So we have DetM () = [DetL|* > 0.

@ DetM is real for QCD at non-zero isospin density — No sign
problem.
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LSMq Lagrangian

1 2

_ 4 27~2a72~2_52~22
E—Q(aua) +2(8N7T) + 2(0 + ) 4(0 + 7°)

+ iy O — igy T - T — g,

d
SU(2)p,r doublet, o is a real scalar field and @ = (7, 72, 73) is a
triplet of real scalar fields. 73 corresponds to the neutral pion ()
whereas the charged ones are represented by the combinations

. . . U .
where 7 = (71, 72, 73) are the Pauli matrices, 1 r = ( > is a
L,R

T = ——(m1 + 7 y T4y = —=\T1 —172).
\/5 ! 2 \/§ ! 2

The parameters a?, A and g are real and positive definite.
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LSMq Lagrangian

1 2 A

£=(0u0) + 5 (0,7 + %(02 +7) = (07 + )
+ iy O — igh°T - Ty — gidyo,

can be written in terms of charged and neutral pion degrees of

freedom as

1 2
L= 5[@#0)2 + (a;ﬂfo)z] + 0, m_0Mmy + %(0’2 + Wg) + a?r_my

A

— 1(04 + 40?7 7w, + 20272 + 47{71'_2F + 4n_mymE + 7g)
+ PPy — gPpo — igPy° (Tymy + Tom_ + T3m)Y,

where we introduced the combination of Pauli matrices

) =)
T4 = TL +im2), T- = T1 — iT2).
+ \/§1 2 \/§1 2
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LSMq Lagrangian

1 2
L= 7[((9#0)2 + (8/L7T0)2] + a,uﬂ'—auﬂ'—&- + %(0’2 = Fg) + QQTF_W+

- 1(04 + do?n_my + 20%mE + An a4+ dn_mymh + 7h)
+ @Y — ghpo — igyy® (Tymy + 7T + T3M0)Y,
The Lagrangian possesses the following symmetries:
e A SU(N,) global color symmetry,
e A SU(2)r x SU(2)r chiral symmetry,

e A U(1)p symmetry. The sub-index of the latter emphasizes
that the conserved charge is the baryon number B.
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LSMq + finite isospin

© A conserved isospin charge multiplied by the isospin chemical
potential — YurT3y01 .

© For the charged pions — ordinary derivative becomes a
covariant derivative

Oy = Dy =8, +ipgd,, 0" — DF = 0" — iusdh,

© To include a finite vacuum pion mass, mg, we add an explicit
symmetry breaking term — h(o + v). v is the non-vanishing
vacuum expectation value of o (SCSB).
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LSMq + finite isospin

before
L 2 2 a® 2 2
L= 5[(@&') + (Oymo)?] + Opm_0¥ 14 + ?(0 +75) +a Ty
A
— 1(04 + 40?7 7w, + 20272 + 47{71'_2F +4n_momE + 7d)
+ PPy — gpo — igPpy° (Tymy + Tom_ + T3m)Y,

after

2
a
L= 5[(6M0-)2 + (8u770)2] + D//W—DHW—O— + ?(02 + 778) + a27T—7T+

A
- 1(04 +4o?m Ty + 2077 + dni i + dr_mymg + 7)) + h(o + )

+ i@ — gppo + Yty — ighy (Temy + Tom— + T3mo)3.
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LSMq + finite isospin

@ Symmetry structures :
U(l)B X SU(Q)L X SU(Q)R — U(l)B X U(l)fza'
Ansatz for further simplifications in the pseudoscalar channels

<1E’W573¢> = 07
(wirysd) = (diysu)* # 0.

Breaks the residual U(1)7, symmetry — BEC.

The charged pion fields can be referred from their condensates

A i A s

—e’, T_ —>T_+—e .

V2 V2

e 0 indicates the direction of the U(1);, symmetry breaking.
We take € = 7 for definitiveness.

7T_|_—>7T++
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One loop effective potential

In the condensed phase the tree-level potential can be written as

1
—p2A?% — ho.

Vtree = — Q5 (U2 = AQ) + i (U2 aF A2)2 — 5

4

The fermion contribution to the one-loop effective potential
becomes

> V=iV 'In(Z}) =iV In (det (Sf))
f=u,d

= —2Nc/éljf>3 [Eg +Eg} :

with

1/2

EZM = {(M+[_]/LI>Q+QQA2} )
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One loop effective potential

° Vfl is ultraviolet divergent which depends on f;.

@ To identify the divergent terms, we expand the fermion
energies in powers of u?/[g?(v? + A?)]

dSkJ ‘u292 A 2

1 I

= —2N. | —=(24/k? 2 2A2

v,V / (27)3 ( R R (k2 +m2 + g2A2)3/2>

f=u,d

@ Using dimensional regularization in the MS scheme,
g (W +A)° 13 A?/g?
—on,? IR P (o
qu:de (@n)? L+2+ n<v2+A2>}
2,2 A2 2/ 2
g uiA® |1 A%/g
_on, RIS |2 (29
(47)? [e * n<’u2+A2

where A is the dimensional regularization ultraviolet scale and
the limit € — 0 is to be understood.
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Two distinct regimes

540 exact exact
approximate 520 approximate
530
515
520
510
510 505
» w© % % 100 10 20 30 40 5 60 70

We focus on the iy < my regime.
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Vacuum Stability

@ Term proportional to M%AQ —» same structure present in the
tree-level potential and divergent term.

@ Introduce counter-terms that respect the structure of the
tree-level potential and determine them by accounting for the
stability conditions

OViree .
tree [)\v3 — (a% = A\A%)p — h] =0
A vo, Ao
aVvtree 2 2 2 2
= [AA? — (7 — M +a?)] = 0
0A 0. Ao

ou%>x\v2—a2

@ Simultaneous solutions (classical solution)

= m% — Condensed phase.
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One loop effective potential with counterterms

[P J 0
Ver = Vireo + ) Vi — (0% + A% + ?a(v2 + A7) + S A%

@ The counter-terms 6\ and § are determined from the gap
equations

aveﬁ aVeff

ov 0A

@ These conditions suffice to absorb the infinities.
@ The counter-term da is determined by requiring that the slope
of Vg vanishes at u; = my,

OVer
8’“[ KI=mo
or in other words, that the transition from the non-condensed
to the condensed phase be smooth.

=0.

vo, Ao

=0,

vo, Ao
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Isospin density (n; = dP/dy)
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Energy density (e = —P + njuy)

Summary
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Speed of sound (c? = OP/de)
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To summarize

@ LSMq, with 2 quark flavors, has been used to study the phase
structure of isospin asymmetric matter at zero temperature.

@ The meson degrees of freedom provide mean field on top of
which we include quark fluctuations at one-loop order.

@ Appropriate renormalization has been done to absorb UV
divergences with the addition of counter-terms that respect
the original structure of the theory.

@ Two phases in the condensed phase: iy < my and py > my.

@ Evolution of the chiral and isospin condensates as well as the
pressure, energy and isospin densities and the sound velocity.
Good agreement with LQCD for the studied phase, p; < my.

@ Phase with p; > my is work in progress.



Thanksgiving

Thank you for your kind attention.
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Speed of sound at finite T (LQCD results)
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