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> density

( PO : normal nuclear density)

— At lower density, hadronic degrees of freedom .
play an important role (baryon ChPT, etc.) -- ><
N N




1. Introduction

- . G. Baym, T. Hatsuda, T. Kojo, P. D. Powell, Y. Song and T. 1
* Had r'Or]/QCD at densrty i Takatsuka, Rept. Prog. Phys. 81 (2018) no.5, 056902 E

nuclear matter

( PO : normal nuclear density)

oluons govern the system (asymptotic freedom)

— In super dense medium, perturbative quarks and > g <
q
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'OE o > density

( PO : normal nuclear density)

— What are the effective degrees of freedom at intermediate density ?

— Neither hadronic nor (perturbative) quarks and gluons description
are suitable
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- QCD at intermediate density is necessary for study of
“quark matter” inside neutron stars

4 )
— We need to understand the effective degrees of freedom, 1.e.

the effective theory of QCD at intermediate density
\_ J




1. Introduction

- Lattice results at two-color dense QCD

— Lattice results are useful for constructing the effective theory

__________________________________________________

—In Nr =2, Nc =2QCD (QC,D), lattice results at density have been

reported by several groups <:| no sign problem ! | es.G.Aarts2016J. Phys.
Conf. Ser. 706 022004

e.g. gluon propagator at density
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Construct an effective theory at

density reproducing this result
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2. Effective theory

- Massive Yang-Mills theory for gluons

— In vacuum the so-called massive Yang-Mills (mYM) theory
1s known to be reasonable as an effective theory of gluons at IR

2
reft_p _|_%AGAIW PN AT !
gluon — ~YM 9 . c.f. CF model !
1 1 . i G. Curci and R. Ferrari, 1
with Lym = —ZFS,,FWG = %(C%A“ay +c"i0" D, c” | Nuovo Cim. A32, 151(1976) |
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original BRS invariance is broken
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gluon propagator in vacuum
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( Vane-Mills) We employ mYM as the effective
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2. Effective theory

- Quasiparticle description for quarks in QC,D
— The quark sector ﬁfﬁark at density in QC,D 1is @ . diquark condensate
‘Cquark &(ZD - i/"q'-ﬁl — Mq)w - IDTA?#

— A is a diquark condensate (gap) ~ (¥' Cyso°T) .
as suggested by QC,D lattice simulation . @ ’% @

|:> quasiparticle description of quarks in cold matter

____________________________________
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3. Results

S-Kojo PRD(2019)

. M ]
- Magnetic propagatorDW ' Kojo-DS PRD(2021)

~ O

— We employ the same parameters as used in vacuum

— We take M, =0.1 GeV and A = 10, 100,200 MeV
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g = 954 MeV
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— Qur result at |k| = 0 is regulated due to the gluon mass my,
consistent with the lattice data

— Still a discrepancy at small momentum 1s found



2. Effective theory

« Summary of our effective theory

' DS-Kojo, PRD(2019)

£ Leff 4+ E | Kojo-DS, PRD(2021) .
quark gluon | DS-Kojo, 2105.10538 [hep-ph] ! |

[’quark %D(@D — UgY4 — Mq)w — @DTAw
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L0 = Lo+ —2 A2 gin
i YM+7 M

gluon

1 1 | )
with Lym = —ZFS,,FWG = ﬂ(é?ufl““)2 +&%0" D,c* (o — 0)

:> study gluon propagator at one-loop to compare with lattice QCD



3. Results

« Gluon propagator in medium

— Gluon self energies at density are

= O+ e+ D e

quark loop gluon loop gluon loop ghost loop

— Gluon propagator 1s evaluate by the Dyson equation

—1 —1
Dyl =Dy, +11,,

— Two types of the propagators are obtained (lack of Lorentz symmetry)

D,, =D}, + Dy,
~ N

electric magnetic



3. Results

- Fitting In vacuum (before in medium)

— Compare our gluon propagator at one loop with the lattice data

_ E Lattice: T. Boz, O. Hajizadeh, A. Maas, 1
Input parameter are as fOIIOWS ! J.-1. Skullerud: PRD99 (2019) no.7, 074514 1
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[ — Fitting seems to be good (&s dependence is small) ]




3. Results

S-Kojo PRD(2019)

+ Electric propagator D, R

~ O

— We employ the same parameters as used in vacuum

— We take M, =0.1 GeV and A = 10, 100,200 MeV
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3. Results

+ Electric propagator D,;, (improved)

— We change the gluon mass m, such that it reproduces the lattice data

— We choose A = 200 MeV

: DS-Kojo PRD(2019)
| Kojo-DS PRD(2021)
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— Comparison becomes better

— We need to understand the enhancement of mgat higher density




3. Results

- Magnetic propagator Dﬁ,{ (improved)

— We change the gluon mass m, such that it reproduces the lattice data
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4. Conclusions

« Conclusions

- We have constructed the effective theory £ = £ + L0,
towards understanding of “quark matter” in neutron stars

Equark quasiparticle description of quarks with diquark condensates

1 e | . . @ @

gluon - Mmassive Yang-Mills theory —Lm = 52454

— We have compared our model with the lattice results in QC,D by
focusing on the gluon propagator at density |:> qualitatively good!

— Qur effective theory is expected to connect nuclear matter (hadronic)
and perturbative quark matter

ik ER

hadron L3+ Lo quark/gluon

gluon
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Thank you!



Back up

- Note on quark loop

— We must regularize the divergence so as not to leave any UV

artifacts c.f., T. Kojo and G. Baym, PRD 89,

8 = (Do — i mo 121250080014

— Hmed(A§ Mq) L Hcount.(O; M(;/aC)

vacC
J
| | | |
three-dimensional dimensional
cutoff regularization

M, :quark massin medium

vacC . .
M ™" : constituent quark mass in the vacuum



Back up

- Note on quark loop

— We must regularize the divergence so as not to leave any UV

artifacts c.f., T. Kojo and G. Baym, PRD 89,

8 = (Do — i mo 121250080014

— Hmed(A§ Mq) L Hcount.(o; M;/aC)

vacC
:lﬂmed(A5 Mg) = Tvac(0; Mq)' + Hyac(0; Mq) — T5e™ (05 M)
\ J
Y Y
three-dimensional cutoff dimensional regularization

M, :quark massin medium =

Mg™ : constituent quark mass in the vacuum (i the present case)

:>[ The mWTI is preserved and no artifact appears! ]




Back up

- Calculation of quark one-loop

— The self-energy is decomposed into electric and magnetic parts:

T8 (k) = 1%, (k) + T11°% (k)

with
2 3 PP pp aa aa pa pa
— Te = g d q C + (3 C + C C + C
H.g,k:—‘—/ N a3 N 4B, N A__ B
il ==g (2w>3{ep<q>+ep<q+> LN FEN T e P A 7y

9> [ 72 + (1 — z)|k[?
- = 2 - — |k|? 2/ dzz(1l — x)ln m/q2 2L &) |2 ;
Eq +E4, 274 Jo M2 +z(1l—x)p
— reg ;= d3q PP _ PP Cea _ (raa CPe _ (Pe
H.gk=2/ N4 __p 4 N -4 A 4o N A 4
5(k) = : (27f)3{6p(<I—)+€p(q+) T ealg-) +ealar) T Tepla-) + €alat)

2 ; 9> [ my + (1 —a)|k[?
—— —A_ k|2 / dr z(1 — z)]
E, +E,, } kg |, BEel—3) “(M2+L(1—a)ﬂ2

— Divergences are subtracted

— No finite terms violating the mWTI appear




Back up

 Calculation of quark one-loop

— The detail of the definition

2
C]’(,p _ Cﬁ” = l <1 B (Eq_ — pe)(Eq, — pg) + |A| C}lifp + Cﬁp _ l (1 - (Eq_ — pq)(E. (1+ /‘(1 — |A| )
‘ 2 ep(a-)ep(ay) 2 ep(a-)ep(2+)
2
C}({[a . Cf‘a = l 1 . ( + #q)( q+ + /J'q) + IAlZ C}ava + Cﬁa — 11_ <1 . (ECI— + /Lq) + /lq |A| )
2 6a(q )fa((I-i-) 2 6(,((] 6a (I+
2 , 1 E Al
C}zifa . Cﬁa = 1 1 + ( :U‘q)( q4 +.uq) IAl lei;l +Cﬁa — § (1 + ( q— NQ) +/lq +‘ | )
2 p(q-)ealqy) €p(q- fa(‘]—i-
, 1 ( q_ + Il )(E ) = |A|2 ap ap l (Efl— + ,“q) (1+ :uq + |A|2
P _onp — ’ g Cy +C = —|(1+
N 4 2 < i €a(q-)ep( ‘]+) = & 2 €a(q-)ep(q+)

q- - @ +m2 q- - @y + m?
A+:1_+_1+—1.A_:1 L

Eq Eq, | Ey Eq,

m2|k12 + (k-G )(k-q 21k12 + (k-G )(k -
B,—2(1- f||-*( q-)(k-q4) B —2 1_{_mfll_‘( q-)(k-qy)
kI?Eq_Eq k|2E,_E,

=4/1q1* + mj Mg = \/m2 + |A?




Back up

* One loop in vacuum

— Gluon propagator with the dimensional regularization

Zoverall ' renormalization condition :
DY (k) = — 5 | :
K=+ my + HV&C(k) : <Hvac(,uR) — Hvac(O) =0 ) :
with e (k) = Dym(k) + L (k)
9°K> -1 -2 2 -1 32
Mym(k) = 19972 1117 — 257 “ 4+ (2 — s°)In(s) + 2(s™ +1)°(s“ — 10s + 1)In(1 + s)
_; vV4d+s ,
+(4s™1 +1)%/2(s% — 205 + 12)In (m+{_> (s(—)u%/m;)} , < s:K2/m3 )
vac B 29_ ' B ]U"ac) +z(1 — z2)K?
Hq K 52 / dr z(1 — x) ]\[gac)Q e )“R
— z*™! is an unphysical constant matching the overall normalization

. 11 . 144
— My is the renormalized” gluon mass

_______________________________________________________________________________________________
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* One loop in vacuum

— Gluon propagator with the dimensional regularization

Zoverall ' renormalization condition :
DY (k) = — 5 | :
K= + mg =+ HV&C(k) : <Hvac(,uR) — Hvac(O) =0 ) :
with Iy (k) = Dym (k) 4+ I (k)
9°K> -1 -2 2 -1 32
Mym(k) = 19972 1117 — 257 “ 4+ (2 — s°)In(s) + 2(s™ +1)°(s“ — 10s + 1)In(1 + s)
_; vV4d+s ,
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. 11 . 144
— My is the renormalized” gluon mass
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