


Green’s functions

N-body system: wave function of the whole system ‘Y'(x,,X,,...,Xy)
encodes the dynamics of all particles and is very complicated

Introduce the object which describes the dynamics of the reduced number of particles of interest

one-particle propagation

Amplitude of particle transition from a point (x,t) to a point (X’,t")

U(x' 1) = /da: G e, t)U(x,t) ¢ >t



Green’s function of non-interacting fermions

i Gz, t 2, ) =< N|T{U(x,t) Uiz )}N >
—< N|U(z,t) U@, t)|N > 0,_y— < NV (&' t")U(x, t)|N > 0y,
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Diagram technique

Ground state:

iG(z,y) = < N|T{U(2)U (y)}|N > =< N|S'T{U(2)¥}(y)}S|N >

in interaction picture: (G =< N|f{{1}1(m){1}}(y)}§\N >< 57>

transition from the ground state to the ground state under action of evolution operator

§ = fexp{ — ?,/ ‘/}/(t)dt} ‘/[(t) — GZH[)(H’) tv e—?;H[)(/lz)t
T o HO(H’) = Hy — ZH’(LNCL

time ordering

Only one type of Green’s functions




Full Green’s function

particle-line

S

—~ ~ ~ o~ ~ ~ —1
Gn.s. — G(] + G(] En.s. Gn s. — [[G[)}_l — En.s}

s

. diagonal in spin-space
i 1

& b
0(67p) E_pQ/QmN—I—?:OSigH(e_GF)

analogously for the hole-line

Y., | «——— particle-particle, particle-hole hole-hole interactions




Particle-particle interaction

7 P
: ooy — 1‘:
—i TP, P05 q) —% = VI %+ Ty two-particle irreducible
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Particle-particle interaction

—i Tyu(p, ' q) = = | 7200
~
p-q/2, a\{;__ p’-q/2, c particle-hole irreducible interaction
U [U(p,p,9)] sear = Uo(p: P, q) Sacdas
p+a/2, b 7 0'+g/2, d +Uilp, 1, q) Oac o
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(14pﬁ = - ~ N
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2p-, 2h-irreducible interaction < vacuum NN potential
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[Wambach, Ainsworth,Pines NPA555]




neenfIZEIRL S

IR JE e

Thanlal2fidHTHEERIARETEE & +

ErltlaipidaBbdasRaazs g

HEEHIR s B2 FmIZ2 L 2

NEEAFEirnEsERilipaniss

ERE2IEHNESEIEIFgIEEE S
[z 2 8l adnesdEasasn

vEaliEnmszledidapglismrsss

Parquet diagrams, 618 o8l ¢ g I HE EFEI A TR EE 2
N EL SR AP e B eI RS ES &

Bz d 2]k

NIy

cFIAREE 2ERIEERAZNENIGHEI2FaEE S

TR A EE S LR S 2

PPl ZREIERREIAEH 08I rgmaass

ol |

E[LH

e DB IEMEER RSl bagbssrmEs s
PLRELEEzERngEEEdluineERElsdmifdss

PR EENEEEEALFha Rl RREE s E &

H

M2 2B EREEFEER Al nEarTbemIsisds
zzHIAlnREIHEEAATENARN T RResEEmaEisn

c2piEallllwERraliltsndnEdmagsss g

CapBAITMEBIBIEE ol =]

ElEi e
¢ m 2l m =

NI EIE2EREER RN R aEliraygiis

ILHiEEE

CHRzEEREEREp 2l r bR E s WIS E =&

ghsamsls

Jackson, Lande, Smith PR86



a

Ge,p) = + Ghegl€, D) Moy

. 2 :
€ — € T 17y €°812NE



—— e} ] Y fi—
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Gmg(E, P) complicated background part



Fermi liquid approximation

particle-hole propagator .... for ¢ — 0

n =p/p

VE g

G(g/2+p) G"(q/2 — p) =~ 2mia® d(e) 5(p — pr) + B(p, q)

w —vpqn + 10

singular pole term

complicated
‘ background
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—i Ton(p, 0’5 Q) —% I U

for |p| ~ pr >~ [P'| and |gp| << w << €p

dQ ! Nw e~
1, ) Aln, ) Tu(n, ', q)

ﬁ)ll(nan;7Q) — /fw(nanl) /

]

o M” PF VFgm
fl(na Q) — a 9 ]
™ w—vpgqn + 10
complicated dynamics is here: )
~. ~ d*p” ~ =
an.n’) = Un,n’) - / amr (7 n ) Blp,g =) T m,m)
T
parameterize Landau-Migdal parameters

‘ ] 1ﬂ2 N ffz('n<t )+ glﬁ(n, n') oo

extracted from experiment



ﬂ =Cy(f + '+ go102+ ¢ o104 TIT2)
2

Co = —L—— ~ 300 MeV fm?® ~ 0.77m_? introduced for convenience
myprN(ng) "

flcosb,y) = Z fi P(cosb,y) g(cosB,y) = Z g1 Pi(cos 0,,)

to be fitted to empirical mformatlon (nucleus properties)

effective mass ~ m*=m (1 + % fi)

compressibility K = 6 Pr - (1+2 fo)

2

1
symmetry energy F,,, = 3 21;@* ( + 2 fO)

[Saperstein,Faya.nS, et al. 1995, 1998}
Fo0 f~05-06 g~0054+01 g ~1.140.1



Fermi liquid approximation

Coupling of the external field to a particle

h
pole parts of

Green’s functions only

A:—q—o—d—Jﬁq [ -

po

o

T

“bare” vertex



Vector current conservation

b t full vertex Current is conserved if 1" ¢q, = 0
--Q fullc | V" >-
e Ve N\l " o / d'pTe {y" G(p+q/2) V"(p, —q) G(p — ¢/2)}

If the relation . V"p,q) =G (p+q/2) — G (p—q/2) Isfulfilled

[1"g" o / d'pTr {+"[G(p —q/2) — Glp+q/2)]} =0

The Ward identities impose non-trivial relations
between vertex functions and Green’s functions,
which synchronize any modification of
the Green'’s function with a corresponding change in the vertex function.

in non-relativistic limit for free G and vertices: 7 = (1,v) G(p) = (¢ — p*/2m)™"

. . g Tm=w-—vg=Gp+q/2) — G Np—q/2)

The Ward identity is fulfilled and the current is conserved



e ”"”Bare” vertices

"bare" vertex after the Fermi-liquid renormalization 72 = [L + I'¢ (G.G_)“] 7

~ T/
Vi = gvxg(p') (L, v) xa(p) B = (G,G_)* = lim / (Qd;f GG
q—0 2m)*1
A" = gaxj(p') (o - v,0) xn(p) l
) , , ey . ey
vV = gv (’T{EOZO—TQ{/,J) TIL;,O:;: TL{’/JZE'U
AW €A €A
T4 = —g4 (Tf}i’ld lo— T4y crl) TAo = — THh1= Ev
ea ey effective charges
ey =1 WTyo—q Ty, = G.(pOIC)’_l(P +q/2) — G(pdc)’_l(ﬁ —q/2)

es= 0.8 095 experiment: Gamov-Teller transitions in nuclei ¢ ~ 1



Fermi-liquid with pions

e explicit pionic degrees of freedom % _ M + H

pion with residual (irreducible in NN-t and A N-1) s-wave © N
interaction and nrt scattering

e explicit A degrees of freedom




Resummed NN interaction

Graphically, the resummation is straightforward and yields:

I — 4 «——— full pion propagator
- 3(-O|
dressed vertex

Poles yield zero-sound modes in scalar and spin channels

>




Pion modes in nuclear medium

@ [m ]

N

N A
H;’rf:m.. %\A + M/},\,\ + reg
N N
quasi-particle modes
7 v 1 b 1 ' 1 ' 1 ' 1 ' 1 ,
" |EZZ4 AN states A /
6 NN states 7
5 n=2n
4
3
2*ﬁ§%
/W
1
0 | | § | | 1- O)(Ikon) Ipl(n)nlga.np | |
1 2 5 6

3 4
k [m ]

A (w k) ~ Z 276w ; w;(k))
i=m,A (Qw — %%)

28k w
_ 0w < vp k
T iR § g R < er k)

w=w; (k)

pion propagator has a complex pole
DY w, k)~ D Y0,k)+ifw
B=mykfinn/m

(k) =—D710, k)
w o< —10* (kwin)/B

when ag(klllill i pF) <0
— instability —— pion condensation

[A.B.Migdal et al, Phys. Rept. 192 (1990) 179]



® pion softenning

pion propagator for w < kgvp k ~ ko >~ pr

1
—w? — v (k —ko)?+iB(k)w

Df(w, k) ~

pion gap

reconstruction of pion spectrum
on top of the pion condensate

LM parameters increase with density
saturation of pion softenning
no pion condensate

amplitude of the pion condensate




® pion softenning in neutrino production  gnhancement factors w.r.t. MU emissivity

medium MU reactions

1073 [I'(n) /T'(no)]”

(W/m)?

Fawo(n) = 3 (3)

g

medium bremsstrahlung reactions

i/

‘ 1%
1
1

n T

w.0. T cond.
- - = W.rncond.

Fug(n) =3 (2)4/3 I'(n)/T'(no) 6.

o

vertex correlation function

1
1+ 1.6(n/ng)t/3

['(n)



Basic reactions of neutron star cooling

medium Modified Urca (MMU)

(depends strongly on the NN interaction)

pair formation-breaking process (PFB)
(operating at T<T,~0.1 MeV)

These processes can describe all three groups of the cooling data.

Direct Urca (DU) much more efficient than MMU

<~
| € allowed only if the proton concentration is >119%,
" p for our EoS it corresponds to M>1.8 M
v Processes of meson condensate (PU)
f f{ e~ allowed only for M>1.3 M, for our Eos

N N much more efficient than MMU



Neutron star cooling

[Blaschke, Grigorian, Voskresensky PRC88 (2013)065805]
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Lepton shear viscosity

Lepton shear viscosity = electron + muon contribution e/ = Tle T 7y

1
low T, Fermi liquid results 7 = = UPFL T

Lepton collision time 7 is determine by lepton-lepton and lepton-proton collisions

2
Flowers and Itoh: ’OS‘B ~ ”JEFD =4.2. 1017[@5 S] (; ) T9_2
- 0

Important role of the phonon modification (plasmon exchange)

for QCD plasma [Heiselberg, Pethick Phys. Rev. D 48 (1993) 2916]

[Shternin, Yakovlev, Phys. Rev. D 78 (2008) 063006]

leading terms for small T

14

v ] () ()

2
cm - sl \ng Ny 14+7)3
r=ph.+pd )/ Ph, 5o (%)%5
T €
Ne

muon contributions are important



<n,,>, [g/lcm s)]

Lepton shear viscosity vs.
neutron star mass
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Effects of proton pairing on
lepton shear viscosity

24+ (S:)”” S
o e
20}.\ el (Nejp20)a---12 7]

[Shternin, Yakovlev, Phys. Rev. D 78 (2008) 063006]



Nucleon shear viscosity

3In 2 mZ C e
[Shternin, Yakovlev, Phys. Rev. D 78 (2008) 063006] 77,, = nPkn TN Fermi liquid
80mx*T>S,,, result
: 5y e 9 /9 / 1
Cross SeCtlon 167T2 \/1 . $2 — P 2 spin
0 0
/ GFOPE 3m,, f;%NN N 1) 17 T=10°K
FOPE TLTL - 407T - m2 10 - i ‘.-’ -
MOPE FOPE — : et
MOPE: Spn, —~ = K S5y = [ -
£ 10°F —--- Flowers-ltoh
307 *pg [1 N 2 W } < | ----FOPE -
— ~ 9 ©) [ il
K 128~ w3 3 DF.n / = ———
A: 15 T L
§ 10 MOPE
modification factor oo — W.o.ncond. (1a+1b) ]
N - [ — — w.orcond. (1a+1c) |
K(n — ?’ZO) ~ ().3 «—— [Baccaetal, PRC80] o — = w.ncond. (1a+2)
K(n =26ng) ~1 10 12 14 16 1.8 20
K(n > 3ng) >~ 2 M/M

®



Phonon shear viscosity

A shear viscosity induced by phonon-phonon interactions was discussed by
Manuel and Tolos in [PRD84 (2011) 123007; PRD88 (2013) 043001].

These interactions may give a contribution to the resulting shear viscosity if
T., >T 2 10°K However, at such temperatures the bulk viscosity is dominant.

We consider the interaction of the phonon (Anderson-Bogoliubov) mode with neutrons

d’q 7pn (svrn)® q° 272 T
Tlph — (271-)3 157 (ESUF=HQ/T . 1)(1 . e_S'UF,nQ/T) — 95 UF nTph S — 1/‘\/§

From the Larkin-Migdal equation for anomalous vertex [E.K. Voskresensky, PRC77, PRC81]

re p.-h. ver
i N 9 A w w;— bare p.-h. vertex
| TV}O — 1 . TV,O
_‘A,_ w? — 5’012:‘,;@(]2 — W ph (w: Q)
27 /B A
Yonlq) = 1/Tpn & —-vpnge Vit
\/_A
The phonon lifetime Tph 2 5.9 - 10722£5—— s must be smaller than the balistic time

e SR 61075 (2) 2

F\ TN

size of the region of the neutron pairing



g } (no) (m; )3T4 Ming 7ph, Toal }

S

9

6‘\/_A

S

Fon ~ 5.9 - 10722

3 Thal = 1.6 - 107° S(?LO)%’»:;%
E
o
3
2.05 ?

1. pairing gaps reduced in medium
2. vacuum pairing gaps
[Hebeler, Schwenk, Friman]




Neutrino shear viscosity

With the temperature increase the neutrino mean free path decreases and for sufficiently high
temperatures neutrinos become trapped inside the neutron star interior.

2d3 y 2 .2 7 2

771/2/ 17 v 4 S v, = C
(2m)3 15T (ev»?/T + 1)(1 + e vv¢/T) 22543

Neutrino mean free path is determined by inverse MMU and PU processes

1 1
S 8.7 s (mN)4 (no/ne)s . 3.08.1022 o no \ 3 (my/mi )
T94 Fyvu(n) my’ 11+ xpu (n,T) V= 14+xpun,T) | cm-s | \ np Fyumu(n)
1.0 Pl weak T dependence
0.8} :;' 1 contributes only in regions where neutrinos
L ) g s .
; i /::ﬂ ] are trapped
1 d 0'6',- ;:'E:&.':’{',I (opac)
“"'-a LC inds, N (r, 1) = nu(n(r)) O(ropac —7)
L0 04: 55"/,‘ ! ; . . -
e o L opacity radius is determined as
u - ’ J—
0.2 Lo I.:h‘IMU' MU Uy Ty (n(ropac); T) — R — Topac
0.0 —
10° 10"




Lepton shear viscosity

neutrinos




Bulk viscosity

+3 1/3
my /no 4[”0] 2
ici cO — T - F
collisional Geoll 16272 T n 0

[Sykes, Brooker, Ann. Phys. 56(1970) 1]

F, Is the zeroth harmonics of the dimensionless scalar Landau-Migdal parameter, F,~ 1

T ~m2 /(m3 T?) nucleon relaxation time;

1/3
Ccoll ~ 90 [cr_%s} CTQ2 [%} Fg

small contribution



Bulk viscosity

Energy dissipation of the mode: F..de — PV — €, €, IS neutrino emissivity

Energy of the mode decreases if the pressure depends on an order parameter,
which variation is delayed with respect to the variation of the density
[Mandelstam, Leontovich, ZhETF 7(1937)438]

soft mode [Sawyer PRD39, Haensel, Levenfish, Yakovlev A&A357, A&A372]

order parameter is X; = n,;/n lepton concentration ¢y = pi,, — ptpp — 1 # 0

- 0.X 0o :
5% =~ Sl n() ¢, - 00 X X)) Ol )
e ((92(8) ")
relaxation time —
oP dX[ nix.i
Go.m. < . >7? average over the perturbation period

90X, dn 1 +w?7y,



oP Xm nix.i N oP Xm 7

s.m. ~ — o — f
= 0X, dn Tt w?rl, X, dn wrry, O YT
1
— R sum over various processes changing 6X,
TX]Z
Com. A ch[’ﬁ]n. ——( (1 + 0.86r2/ R?))a
' 102 _ T=10°K, o=4/3x10°Hz .,'1’c

direct Urca (DU); CS[PmI{] ~ T :

modified Urca (MU)

[calculated with FOPE] (MU T
or

medium MU (MMU)

[calculated with MOPE];
MMU X FMMU(?’Z)T7

CSII]

pion condensate Urca (PU)

) o T3




Energy dissipation of the mode: Emode — PV — €, €, IsSneutrino emissivity

Meltzer, Thorne ApJ145(66)514; Hansen, Tsuruta, Can.J.Phys. 45 (67)2823;
Sa’d, Schaffner-Bielich 0908.4190

y on(t),ou(t)) —e,(n,0))
radiative viscosity (raq = —n> (ev(n + dn(), op( )2) e (1, Zcrad
((6n(t)) )p
r 3 i n? 9%
Clga]d o Cs[,ln + 9 2
2 2w On
reactions changing 5 vv production
the number of e,u Bremsstrahlung,
Urca reactios [DU,MMU,PU] Pair-breaking formation

small contribution

Pairing effects on bulk viscosity

pairing suppression

factor for nucleon i=n,p CS(]?HU/ZPU)(S) CS?HU/ZPU) min|&,, &)
& = exp(—A/T) (oMM — (MM e ¢



[g/cm s]

Shear and bulk viscosities. Results

1 022
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10" ;
10" E
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1016:

MMU+DU




[HZ]

E
U

v

300

200

100

R-mode stability window

_1(1/0) + Tg_l(yc) — Ve = VC(T)




Young pulsars

500
1. star is born hot and rapidly rotating (point A)
400 2. cooling time (heat transport!) >> spin-down time
tspin—down ~ 1OOS/Q?HaXV§
300 for max. r-mode amplitude G ~ 1
3. star moves along line AB because of r-modes
200
4. line BC, cooling and magnetic breaking
100
C o~ 7" B
Ol o vviunl ovsal
10" 10° 10° 10"

TIK]

Minimum point B must be above 62 Hz (PSRJ0537-6910)



Minimum of the stability window

70 :' )

60 |

50|

40
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20F ——mMMU+DU .
- = MMU+PU+DU
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1012 14 16 1.8 2.
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LMXB recycled pulsars

Rotation of LMXB pulsars cannot be explained. Shear viscosity is too small.

800

Alternative mechanisms

-differential drift in magnetic field
[Rezzolla, Lamb, Shapiro]

-weak reactions with hyperons +hyperon pairing
[Jones; Nayyar Owen]

| -core-crust coupling

[Bildsten, Ushomirsky, Levin]

1 -saturation of r-mode amplitude at small values

[Arras, Bondaresku, Wasserman]

| -non-linear decay of r-modes

[Kastaun]

1 - coupling to more stable modes

[Gusakov, Chugunov, Kantor]
-vortex flux-tube interactions
[Haskell, Glampedakis, Andersson]



	Слайд номер 1
	Слайд номер 2
	Слайд номер 3
	Слайд номер 4
	Слайд номер 5
	Слайд номер 6
	Слайд номер 7
	Слайд номер 8
	Слайд номер 9
	Слайд номер 10
	Слайд номер 11
	Слайд номер 12
	Слайд номер 13
	Слайд номер 14
	Слайд номер 15
	Слайд номер 16
	Слайд номер 17
	Слайд номер 18
	Слайд номер 19
	Слайд номер 20
	Слайд номер 21
	Слайд номер 22
	Слайд номер 23
	Слайд номер 24
	Слайд номер 25
	Слайд номер 26
	Слайд номер 27
	Слайд номер 28
	Слайд номер 29
	Слайд номер 30
	Слайд номер 31
	Слайд номер 32
	Слайд номер 33
	Слайд номер 34
	Слайд номер 35
	Слайд номер 36
	Слайд номер 37
	Слайд номер 38
	Слайд номер 39
	Слайд номер 40
	Слайд номер 41

