Modilication to lkick velocity of

neutron stiars due to maanetic

interactions in dense ,ofzsmz

Souvik Priyam Adhyaz
Collaborators:

A'bhee K. Du‘b‘b*Mﬂ‘zumder :md Pr&dip K. Qoy

Hiah Eneray Nuclear and Particle Physics Doviscon

Saha Institute od Nuclear Physics, Kolkata



Outline o'p the talk

o Introduction: Quark matter 2s the ceore oL NS,

Quark dispersion relations.
Spec&p::c heat capacity of deger)era‘te quark matter.
Pulsar kick velocity.

Pesults.

Concluscion.



Quark matter 3as the core o-p the neutron star

« URCA : UnRecordable Cooling Aaent
process was Lirst discussed by Georae
Gamow and Mario Schoenberg while they
were Visiting 2 casine named Cassino da

Urez in Bio de Janeiro.

e Direct URCA process:
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LN.Lwamote, Ann.Phys.(NY.V242, 2 (25982).0



How much magne‘téc @Ce[d dre we
talking about’

*Human brain. 2 — 20 nG

*Farth's magr)e‘(:z:c '\,Diefd.' 320 mb
°5p G re‘é\rigerz‘(:or‘ ma’gne‘(:
°1.5 kb ! sunspot




Some estimate o@ der)sé‘ty cn NS

° eczui\/zfer)t to the mass o‘@ d Boeir)g Eada
compressed to the size of 2 small qQran of sand.

*One teaspoon weighs about Yoo times the mass ol
the Great Pyramid of Giza.




A—dvzntages of quark matter

The DURCA process cannot occur because it is not kinetically possible at such
temperature ol interest.

The MURCA requires 3 bystander particle. The neutrino emission rate is Lound to be
Cnségr)ipiczn-t.

Conditions are guite dilLerent Lor quark matter!!
. quirk — quark interdctions
. S quarks nealected
Problem..
) Not well known EOS of quark matter.
. Dynamical properties (mass, inertia etc.)
quark stars v ordinary NS

SHow to d&stmguish by observz-{:ion?z



Quark dispersion relation

o Interactions within the medium se\/erefy modi-py the se!-p—er)ergy o-@ the
quarks. For quasiparticles with momenta close to the Fermi momentum pF,

the one—loop se(‘p—-energy is demingted by the sodt aluon exchanaes.
* The quasiparticle eneray satisfies the relation,

wE = £(E + Rei=x (0%, plw* )))
plw*

)

where w (s the quasiparticle/antiquasiparticle enerqy which is a3 solution of

the dispersion relation and E | is the kinetic enerqy.
plw)

« At T = 0, m = o the distribution Linctions become step Linctions.

;(k03=9(p—E+70§:md:L+r)(<105=9(<103

LC.Manuel, Phys.Rev.D 62, 026009 (2000).]



I am continuing...

* The one loop quark sel@—energy 2(w, plw)) is dominated by 3 dizggram with 2 sodt
aluen in the loop.

o Collzsion of charqed gquasiparticle with the particles ol the plasma are qoverned by
aluen exchanae, and that the aluen propagater is dressed(or r+e+stutmtmte+d) by
interactions

== Resummation case proposed by Braaten and Pisarskc

e Hard sciale 01,0 momentum ~ p

e Solt scale ol momentum ~ gIJ ==Braaten and Yuan

LR.D.Pisarski, Phys.Rev. Lett. 63, 2229 (298%); E.Braaten and R.D.Pisarski, Nucl.Phys.B 332,569
(290).]



Non-Fermi liquid phenomeneon

*Deagenerate Fermi qas at low or zero temperzture show

di@perent behavior under inclusion 04\ maanetic interictions por the
relativistic case.

'S,oeci-pic heat of degenerate QED matter contains the

anomalous T InT* term.[ 2]

==>Dzmp£ng rate and eneray [oss o-p quzsipar‘ticles.
== Dr:.'g and dé@‘@us::on coe@@icients.ﬂ’lj

Q. How does MFL e#zﬂec‘t enter into the cilculation”
/%'nf Zz/ Dis...

Hint 2 Moa/étp[ea/ ( 01[) course!)

Ans.: Through the modired Quark dispersion relation.
L2. T. Holstein, RE. Norton and P. Pincus, Phys. Rev. Bg, 2645 (1973).

2. S.Sarkar and A.K.Dutt-Mazumder, Phys.Rev.D €2, 056003 (2020).
3. K.Pal and A.K.Dutt-Mazumder,Phys.Rev.D 84, o3%oo4 (2022).]



Quark se[@ eneray

Z(P) — _gchTZ f 2 )3'}% Sf(i(wn_ws)ap_qy}/u Apu("ws:q)J

* The analytical expression Lor the one—loop quark celf eneray

Lor T ~ ]E — l.l] < q lJ << l.U exhibits 2 loqarcthmic
sénguf&r&(:y close to the Ferm: Sum/}zce.

Low temperature expansion ol the on—shell Lermion seld enerqy
‘por the ultrarelativistic case (s aiven 3s!

2 (w) =
—g2Crm { 1577 m [Iog (4\/§m) _'_1] + 5drm _’_i;:;{ag (= )5/3 (sgn(e)—
V3D s (5)7 205555 (5) 77 (sen(ea) + VB -

6144—256821—;2671'4—97:‘ ( ) [bg (0928 m 928m) stgn(e)]+o(( )11/3)}

LA.Gernold, AIpp and A.Rebhan, Phys.Rev.D 2o, 205025 (2004%); 69, Roa101(200%).]



Mot over yet.

°In the zbove expression, €= (v — I.“ ~ T where NFL e‘@@ec{:s

dominate.

*The Debye mass is aiven as m*= mD? /2 where m” = NL a* M* /
(411,

HDL (Hard Dense Loop) resummation Lor aluon propagator regquired
because higher order diaarams can contribute to lower order in
couph:r)g constant which (s missing in bare p—QCD,‘ resummation done
by means o Dyson-Schwinger egn.

It s interesting to note here that @ra’c‘tionz! powers in € appear

'—‘=>D9r)a'm£cz{ screening 010 the transverse exchiange o@ éauge bosons

[LC.Manuel, Phys.Rev.D 62, 076009 (2000); A.Gernold, App and A.Rebhan, Phys.Rev.D 20, 105025
(200%); 64, Ro11901(200%).].



Dynzméczf screenmg

* The lonactudinal and transverse HDL propaaators are aiven as:

Ar(q0,9) = ~ ~ . 1
- 2
q+2m2[1 qofog(qo+q) q My - L
%19 M (q. w) _ 2 [1__| (qc: a ]
AT(C{O,C{) % 9+9 qo(1 — —‘%)
2 mz—% [1+ 2490 !ig( q):l k My (g, «w) S m3, |:2q‘;,2 =F g In 227_:2 :|

« For g — 0o lonactudinal photens acquire an elLective mass m;flm72

which screens IR sér)gufam:‘(;ies.

o For q, 0 transverse (or magr)e‘(:id interactions are NOT screened,

only dynzmécz! screening. At =~ qz_imzﬂ
1/2
. Qe‘tzir)ing the fezdir)g term Lor qu/q = 0) we obtain. g = (%@){ 2

* Frequency dependent secreening with 2 -@requency dependent cut—ott.

e This cwt—'a‘\,&p (s able to screen IR smgu[ari‘(:ies so that ‘@L’r)&te results
are obtained.



Spec&é\ic heat capacity of degenerz-te

qua'r‘k matter

“The specidic heat of normallnen—color superconducting)
degenerate quark matter shows NFL behavior 3t low
temperiture.

*Thus, at low temperatures, the resulting deviation ol the
specé@ic heat -@mm tts FL behavior is signépicznt in cdse
oL normal quark matter and thus of potential relevance
Lor the coolina rates ol NS with quiark matter

component.



o LN 2bser)ce o-p ngr)e'tic @Celd..

*The Fermi liquid result: c| = NN ey

FI 3 4

*The MNon—Ferm: ficzuid result (upto LOY:

2 2 .
CGopphgT Agey it 6 0 .
f:-’.u‘ = ﬁl'{’r—rﬂﬁﬂ; (lll (—;QT L) g — W_QC’ (2)—3

Lo

°.and the NLO result:

K

92/31 (8 = al/3 /10 100
C, =N [— 02T (E)Q(E)Tﬁfﬁ(%m; /5 4 5602 - (T)Q(T)T"fﬁ(qp )
‘Inco 27+/3m11/3 R 81/3m13/3 S
2048 — 25672 — 367t 4 37° Ge f f 1L 7
el (44) +o ]
N 1802 T ) TR

*  AbGerhold, Alpp and A.Rebhan, Phys.Rev.D 20, 205015 (2004); 69, Ro11901(200%).



.Ln presence of maanetic Leeld.

Some p[&yir)g around with phase space

Cntegratcons..

AT AT iy 2
B B _-\f_._-\ijq( B )

FL §

°*The FL case:
e i b {’_‘ - d’r I
.T"Ie LD case. C-:‘,u)‘m filw_; f’f;ﬁr; Zf (e — pt)log f:ni)?)

B N, ‘\f(”fn:) (B) [ (zm_ﬁﬂ
f:;,.‘w ( i )m2 (5 ) T|(—1+23e) + 2009 (=7

*The NLO case:
T
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Polarisation @r&c‘béon o-@ electrons
‘We -@Crs-ﬁ choose the ngr)etz:c -\,Dz:e!d streng-(:h to be

much [araqer than the temperature, the chemical

potential as well as the electron mass (U, m , T K

e

2eB). The number densi‘ty (s aqiven 3s:

|
4 ." ud —vEtHi

n(2) |/ 228
*For the case of weak magnetic @Cefd, the number of

x~1-

Landau levels occupied is larae. Hence the number

density of electrons is aqiven 3s!

} m; ( B )
* I.Sagert and J .Schzﬁﬁner—Biekch, arXV.0F08.235 2. 2 II — J'H Bf



Kick velocity Cr)cfuding maanetic @Ce!d

e‘\@‘\@ects

*The simple FL result:

B 4.15_.-\-}-;_.-\-}(\/ mg(B/Bé&) T )2( R )31.4_.%_ km

100MeV 1Mev/) \T10km X

| !
Mys & s

FL 3

*The LD result (note the 3ppedrance of loq term):

‘_H Hé%d,_'\.-'—f:dh.—"f ( ( \v/';'}-]‘,g (B/B(q?) T ) 2 ( R ) 3 1_4‘,'1:{[.:3 |:[] []F‘%r + [] []FE (.’.”f} ):| k?']";’,
v ~—— = (Crog ).0635 + 0.05log| — | | y—
LO 3 f e 100MeV  1Mev /) \10km/) Mng 99 I\ T )1 X

*The NLO result:

v = : — X\ U piig
NLO 3 &/ \NAO0OM eV 1M eV 10km/ Myg X\&FQ

T +2/3 T +4/3 mpg T \27km
o) () ¢ s o (2] ()"
mg mpg T mg S




Pulsar kick velocity

* The kick velocity is aiven s

4
dv = —TR Sedt

X
Mys:

* The FL, NFL LD and NFL NLO results are aiven as!

8.3?\-‘}:?\-‘}( Ig T )2( R )H.iﬂiﬂ-ﬂ km

v ~ .
L'L 3 400MeV 1M eV 10km Mysg X S

2 31.4M- tor/Nf\T km
-r‘ _ 16.6N¢ Ny (Cra )( Ig T ) ( R ) 1.4M \ [ri‘-i +eoln (_f_,r,u], f )} kEm
LO 3 400MeV 1M eV 10km Myg T 5

N 1fi.fi_.-\-};_.-\-*f( Iy T )2( R )31.4*-1{{.\

v ~ O A Crer.
‘NLC} 3 400MeV 1MeV 10km/ Mys X(Cras)

b1\ 2/3 b1\ 4/3 Ig b1\ 271 km
[T s o (1)) (2 2
Ig Ig b [g 5
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« FIG. 2. The pigure shows the comparison between

the FL, NFL LO and NFL NLO result Lor the radius
and temperature dependence Lor the case of -pu!{y
polarised electrons. Results have been plotted Lor
the case ol presence and absence of external
magnetic Leeld eflect in the speci-pic heat ol
deaenerate quark matter. The top panel shows the
relationship (FLLO and NLO respec‘(:i\/e!93 Lor the
case where external mianetic Leeld on the spec::-pz:c
heat is ignored. The bottom panel shows the
correspor)ding cise when magr)e‘tic -@Ee{d e-@-@ect n
specilic heat is included.

S.P. Adnya, P. K. Roy and A.K.Dutt-Mazumder, arXv:1303.6126
(2023).
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FIG. 2. The @Cgure shows the numerical
comparison where hiah mignetic Leeld has been
taken into account dlong with vanishing
temperature Lov kick velocity ol 2o0km/s.
The top panel shows the relationship (FL,LO
and NLO respectively) Lor the case

where external maanetic Leeld on the
specépic heat (s Cgr)ored. The bottom panel

shows the corresponding case when magnetic

Leeld elLect in specé@éc heat (s included.

o SP. Adhya, P. K. Roy and A.K.Dutt-Mazumder, arXv:1303.62126

(201.3).



Pesults
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* SP. Adnyz, P. K Roy and Ak Dutt-Mazumder,
arXvi1303.6126 (2013).

FIC. 3. The -pigure shows the
comparison between the FL, NFL
LO and NFL NLO result Lor the
radius and temperature
dependence Lor the case ol
partaally polarized electrons in
wedk miaanetic Leeld. Results have
been plotted Lor the case of
absence ol external magnetic
Leeld elfect in the specé-pic heat
ol deaenerate gquark matter.



Conclusions

In this work, we have derived the expressions ol the pulsar kick velocity includina the NFL
corrections to the specipic heat ol the degenerate quark matter core.

The contributions Lrom the electron polarization ()) Lor different cases nas also been taken into

dccount to cileulate the velocities.

We have included the effect of the external magnetic Leeld into the specilic heat ol the
deaenerate guark matter Lor the caleulation ol the pulsar kick velocity. The caleulation ol the
specilic heat ol the deagenerate gquark matter in maanetic Leeld Lor the NFL LO and NLO are

nNew.

We have Lound that the NFL LD contributions are ségni@iczr)t while caleulating the radius—
temperature relationship as seen Lrom the araphs presented Lor the case of the neutron star
with moderate and high maanetic Leeld. The anemalous corrections introduced to the pulsar kick
velocity due to the NFL (LD) behavior increases appreciably the kick velocity Lor a particular value
ol radius and temperature. However, Lor all the cases, no appreciable chanae in the B-T
relationship has been observed Lor the NLO correction with respect to the LD case.

* SP. Adnyz, P. K Roy and Ak Dutt-Mazumder,
arXivi1303.6126 (2013).
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