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I'myOokmii mporpeB KOpbI
(«TpaaUuLIMOHHBIC» MOJICIIN)

bucnosarsiii-Koran & Ueuérkun (1974, 1979); Sato (1979);

Haensel & Zdunik (1990, 2003, 2008) [HZ];

Fantina et al. (2018) [F+18]; Chaikin, Kaminker, & Yakovlev (2019) [CKY]
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I1y0oKuii mporpeB KOpbI:
OIICHKA paBHOBeCHbIX CBeTI/IMOCTeﬁ HA OCHOBEC KpI/IBI)IX OCThbIBAHUMA
Pannwne nabmronenus u uatepnperanus: Rutledge, Bildsten, Brown, Pavlov, Zavlin (1999, 2000, 2001, 2002)

Teopus: Yakovlev, Levenfish, Haensel, A&A 407, 265 (2003)
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Fig. 1. Simultaneous calculation of cooling and heating curves for
low-mass (thick lines) and high-mass (thin lines) NS models (see the
text). Displayed are: the neutrino. photon and total luminosities, L.,
LY and Lg, (left \'t?1Tical scale). of a cooling NS versus its age. and
the accretion rate M (right vertical scale) of an accreting NS star with
L3 = L. Dotted horizontal line: L for M = 1071% M, yr!. Filled
circles and dotted vertical arrows refer to those low-mass and high-
mass cooling NSs which are equivalent to accreting NSs with the in-

dicated M: open circles: L* for these cooling NSs.

36 —r——

J1808.4-3658

30

Cen X—4
4U 16808-52

- KS 1731-26

-14 -12 -10 -8
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Fig. 2. Heating curves of accreting NSs compared with observations
of several SXRTs in quiescence. Thick solid line: deep crustal heating
power, Lgy. Long dashes and thin solid lines: two models of heating
curves of low-mass NSs (O, = 3 x 10" and 10°!). Dotted. short-
dashed. and dot-and-dashed lines: three models of high-mass NSs
(Of = 102, 10% and 10%7).



I1y0oKuii mporpeB KOpbI:
OLICHKA PABHOBECHBIX CBETUMOCTEH HA OCHOBE KPUBBIX OCTHIBAHMSA

Yakovlev, Levenfish, Haensel, A&A 407, 265 (2003)
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Fig. 1. Simultaneous calculation of cooling and heating curves for
low-mass (thick lines) and high-mass (thin lines) NS models (see the
text). Displayed are: the neutrino. photon and total luminosities, L.,
LY and Lg, (left \'t?1tical scale). of a cooling NS versus its age. and
the accretion rate M (right vertical scale) of an accreting NS star with
L3 = L. Dotted horizontal line: L for M = 1071% M, yr!. Filled
circles and dotted vertical arrows refer to those low-mass and high-
mass cooling NSs which are equivalent to accreting NSs with the in-

dicated M: open circles: LT for these cooling NSs.

Heinke et al., ApJ 714, 894 (2010)
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Figure 8 Measurements of, or limits on, the quiescent thermal luminosity
of various N5 transients, compared to estimates of, or upper limits on, their
time-averaged mass accretion rates. Data from compilations of Heinke et al.
(2007, 2009b), with NGC 6440 X-2 added. Predictions of standard cooling
and several enhanced cooling mechanisms are plotted, following Yakovlev &
Pethick (2004). Accreting millisecond pulsars are indicated separately (in red),
while the effect of increasing the distance by a factor of 1.5 for any system is

indicated with an arrow labeled “Dx=1.57
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OcTbiBaHME KOPHI B MIEPHOI CIIOKONWCTBUS

Shternin, Yakovlev, Haensel, AP, MNRAS 382, L43 (2007)
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Ii1yO0okuii mporpeB KOPbI HEOCTATOUYEH /IJIs HHTEPNPETANUN KPUBBIX
OCTHIBAHUS KOPbI: HEOOXOAUM «MEJIKHUUA HATPEB»
U HEOJTHOPOAHOCTb COCTABA KOPBI

Brown & Cumming, ApJ 698, 1020 (2009)
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Coacken =1 al. (2006)
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Figure 7. Owur fit to the light curve for KS 1731-260 (dotted ling) compared
with calculations for which the outer boundary condition during outburst was
replaced with the same T;( Ty ) relation used during quiescence (dashed, solid
lines). For the case where other parameters were held fixed (dashed line),
the light curve falls markedly below the observed values. When the outburst
accretion rate is increased to 3.5 = 1077 o 5! and the impurity parameter
decreased 10 Qymp = 0 (s0lid line) a better agreement is found with the observed
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Figure 8. Comparison between the observed light curve of MXEB 1659-29
and several trial numerical solutions: (1) our best-fit solution (dotted line, e.g.,
Figure 2) with T, = 3.8 = 10° K and M = 10" g s~': a solution with
M=5x10" g5, Qimp = 1, and Ty = T(Terr) (dashed line); and a solution
with M =9 x 107 g 57!, @y = 0. and Ty = To(Tem).
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CBoaka pe3yJbTaToB 0 «MEJIKOMY HArpeBy»

Chamel, Fantina, Zdunik, Haensel, Phys. Rev. C 102, 015804 (2020)

TABLE I. Heat ¢ per one accreted nucleon (in MeV) deposited
in the shallow layers of accreting neutron-star crusts, as required
by cooling simulations to fit the observational data from soft x-ray
transients (SXT). The indicated amount of heat may correspond to
different accretion periods.

SXT ¢ (MeV)
Swift J174805.3—244637 1.4 [15]

XTE J1701—462 0.17 [16]

EXO 0748 — 676 0.35-1.8 [13]

MXB 1659 — 29 0.8[10], 1-1.2[27], 1.6[16]
KS 1731 — 260 1.38 4 0.18 [18.19]
Aql X-1 0.9-3.7 [20,24], 2.3-9.2 [26]
IGR J17480—2446 1[11,12,25]-3.8[16]
[RXS J180408.9—342058 0.9 [23]

MAXI J0556—332 6-17[14,17.22]
HETE J1900.1—2455 0-3[21]

TABLE II. Maximum possible heat released g,y per one accreted nucleon from pycnonuclear fusion followed by electron captures in the
crust of accreting neutron stars. The numbers in parentheses indicate the contributions from the sole fusion. The pressure Ppy. and density ppye
at which fusion occurs were fixed by the onset of electron captures considering ground-state to ground-state transitions (first two lines) and
ground-state to excited state transitions (last line).

Ppyc Ppye Reactions Gpyc
(dyn cm™?) (gem™?) (MeV)
6.97 x 107 4.15 x 1019 RC4+12C -2 Ne —2¢ +2v, 1.41 (0.64)
2.72 x 10%8 2.05 x 10" 504+ 1°0 =32 Si — 2¢= + 2u, 1.16 (0.58)
7.96 x 10° 4.59 x 10" 50+ 1%0 =32 Si — 2e= + 2, 1.39 (0.60)




IIporpes KoOpbI ¢ YY4€TOM nepeMelieHUs CBOOOIHBIX HEUTPOHOB

I'ycakos, Uyrynos (2020,2021); I'ycakos, Kantop , Uyrynos (2021); Ileunnun, I'ycakoB , Uyrynos (2021,2022)

M. E. Gusakov, A. I. Chugunov. Thermodynamically consistent equation of state for an accreted neutron
star crust. Phys. Rev. Lett. 124, 191101 (2020)

CBEPXTEKy4YHe HEUTPOHBL: m,, OV, /Ot = —V " (xapakTepHbIe BpeMeHA — MUJLTUCEKYH/IbI):
HECBEPXTEKy4He HeHTPOHBI mpucyTcTBylorBcimoe L~5m: 77 ~ L2/D < 3 x 10° s
(XapakTepHbIe BpeMEHa B JIIOOOM CiTydae MaJibl 110 CPAaBHEHHUIO C BPEMEHEM
(hopMUpPOBaHUS AKKPELIUPOBAHHON KOPHI)

v(r)/2

“nHD condition™: [, = [inpe — const v = 2¢/c?



IIporpes KoOpbI ¢ YY4€TOM nepeMelieHUs CBOOOIHBIX HEUTPOHOB

I'ycakos, Uyrynos (2020,2021); I'ycakos, Kantop , Uyrynos (2021); Ileunnun, I'ycakoB , Uyrynos (2021,2022)

M. E. Gusakov, A. I. Chugunov. Thermodynamically consistent equation of state for an accreted neutron
star crust. Phys. Rev. Lett. 124, 191101 (2020)

CBEPXTEKy4YHe HEUTPOHBL: m,, OV, /Ot = —V " (xapakTepHbIe BpeMeHA — MUJLTUCEKYH/IbI):

HECBEPXTEKy4Hre HEHTPOHBI IpucyTCTByfOT B cnoe L~5m: 77 ~ L2/D < 3 x 10° s
(XapakTepHbIE BpEMEHa B JIF0OOM CIIydae Majlbl 110 CPABHEHHIO C BpEMEHEM
(hopMUpPOBaHUS AKKPELIUPOBAHHON KOPHI)

¢ fe: . 0 — ' 2 _ ' , ‘
‘nHD condition”: ,u.,f:’ = ,u..n_e’/(rw = const v =20/ 2

P.; (outer/inner crust) — naBnenue, Mpyu KOTOPOM B KOpPE TOSBISIOTCS CBOOOIHBIE HEUTPOHBI —
omnyaetcs ot nasienus P,y (neutron drip), mpu KOTOpOM HEUTPOHBI HAYMHAIOT
«IPOCAUNBATHCS» U3 AIECP.



IIporpes KoOpbI ¢ YY4€TOM nepeMelieHUs CBOOOIHBIX HEUTPOHOB

I'ycakos, Uyrynos (2020,2021); I'ycakos, Kantop , Uyrynos (2021); Ileunnun, I'ycakoB , Uyrynos (2021,2022)

M. E. Gusakov, A. I. Chugunov. Thermodynamically consistent equation of state for an accreted neutron
star crust. Phys. Rev. Lett. 124, 191101 (2020)

CBEPXTEKy4YHe HEUTPOHBL: m,, OV, /Ot = —V " (xapakTepHbIe BpeMeHA — MUJLTUCEKYH/IbI):
HECBEPXTEKy4Hre HEHTPOHBI IpucyTCTByfOT B cnoe L~5m: 77 ~ L2/D < 3 x 10° s
(XapakTepHbIE BpEMEHA B JIFOOOM CIIy4ae MaJlbl 110 CPABHEHHUIO C BPEMEHEM
(hopMUpPOBaHUS AKKPELIUPOBAHHON KOPHI)

v(r)/2

“nHD condition™ [, = [in€ — const v = 2¢/c?

P.; (outer/inner crust) — naBnenue, Mpyu KOTOPOM B KOpPE TOSBISIOTCS CBOOOIHBIE HEUTPOHBI —
omnyaetcs ot nasienus P,y (neutron drip), mpu KOTOpOM HEUTPOHBI HAYMHAIOT
«IPOCAUNBATHCS» U3 AIECP.

M. E. Gusakov, E. M. Kantor, A. I. Chugunov. Nonequilibrium thermodynamics of accreted
neutron-star crust. Phys. Rev. D 104, L081301 (2021)

SR = —PdV + 1, dN, U =FE+PV—u,N,—TS



IIporpes KoOpbI ¢ YY4€TOM nepeMelieHUs CBOOOIHBIX HEUTPOHOB

I'ycakos, Uyrynos (2020,2021); I'ycakos, Kantop , Uyrynos (2021); Ileunnun, I'ycakoB , Uyrynos (2021,2022)

“nHD condition™: [, = e’ (M2 = const v = 20/c?

P.; (outer/inner crust) — naBienue, Mpyu KOTOPOM B KOpE TIOSBISIOTCS CBOOOIHBIE HEUTPOHBI —
om4aetcs ot nasienwus P,y (neutron drip), mpu KOTOpOM HEUTPOHBI HAYMHAIOT
«IIPOCAYNBATHCS» U3 SITIEP.

Nuclear-energy release in neutron-star envelopes, and sources of
X-ray emission

G. S. Bisnovatyi-Kogan, Yu. N. Kulikov, and V. M. Chechétkin

Institute for Space Research, USSR Academy of Sciences, Moscow
and Institute of Applied Mathematics, USSR Academy of Sciences, Moscow

(Submitted February 11, 1976)
Astron. Zh. 53, 975-982 (September—October 1976)

As a consequence of the nonequilibrium state, free
neutrons will be present in a region where they would have
been absent in total equilibrium; moreover, nuclei will be

present at the limit of stability against neutron emission
and capture.



P [dyn cm™?]

IIporpes KoOpbI ¢ YY4€TOM nepeMelieHUs CBOOOIHBIX HEUTPOHOB

I'ycakos, Uyrynos (2020,2021); I'ycakos, Kantop , Uyrynos (2021); Ileunnun, I'ycakoB , Uyrynos (2021,2022)

“nHD condition™: [, = Hn_eﬂif‘)ﬁ 2

— const v = 20/c?

P.; (outer/inner crust) — naBienue, Mpyu KOTOPOM B KOpE TIOSBISIOTCS CBOOOIHBIE HEUTPOHBI —
om4aetcs ot nasienwus P,y (neutron drip), mpu KOTOpOM HEUTPOHBI HAYMHAIOT
«IIPOCAYNBATHCS» U3 SITIEP.

M. E. Gusakov, A. I. Chugunov. M. E. Gusakov, A. I. Chugunov.
Thermodynamically consistent equation of state Heat release in accreting neutron stars.
for an accreted neutron star crust. Phys Rev. D 103 L101301 (2021)
Phys. Rev. Lett. 124, 191101 (2020) E T e 9F tpleaty [
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E, /baryon [MeV]

IIporpes KoOpbI ¢ YY4€TOM nepeMelieHUs CBOOOIHBIX HEUTPOHOB
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Kpusbie Harpesa
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Temne akkpernuu 1.5x107% M /ron).
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HarpesB Heap HEeUTPOHHOU 3Be31bl HCTOYHUKAMM TEILIa BO BHEIIIHEH KOpe

LI |
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D -
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S A | (cHmkaromuecs 3aBUCUMOCTH) H K APy 3BE3/IbI
g (TTOBBIMIAIOIIMECS 3aBUCUMOCTH ) B CTAI[HOHAPHOM
= | cocrosHHM.
& Tpeyronsuuku — M =1.4 Mg, R=12.6 km, Fe.
& 7 Ksagparel — M =2 Mg, R=12.4 km. He.
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A o Eq x M = 1MeV x 10719 Mg yr!
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Beepxy: Jlonu Tema, BIICIEHHOTO B Y3KOM CIIO€ BOJU3H
IUIOTHOCTH pg,, CTEKAIOIIAs K IIOBEPXHOCTH U K SIAPY 3BE3/IBI.

Bnusy: Temnieparypa y qHa KOpPBI.

Jlorapudm MOITHOCTH HarpeBa siapa 3BE3/bl 3a CUET
MCTOYHUKOB BO BHEIIHEN KOpe KaK QYHKUUS TIIyOUHBI g,
Bo Bpe3kax — jorapudm nosiHOM HEUTPUHHON CBETUMOCTH
KaK (yHKITUSI TEMITepaTyphl Sapa.

(Bcé€ — ¢ mompaBkaMu Ha KpacHOE CMECHHE. )
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BriBoanl

Habntonaembie KBa3UpPaBHOBECHBIE TEIJIOBBIE CBETUMOCTH MSTKHUX
PEHTT€HOBCKUX TPAH3UEHTOB MOKHO ONUCATh KAK B pAMKaX TPAAULIUOHHOM
MOJIEJIM aKKPEIIUPOBAHHOM BHYTPEHHEU KOPbI HEUTPOHHOW 3BE3/IbI, TAK U B
paMKax TEPMOAMHAMUYECKH COMIACOBAHHON MOJENH, YUUTHIBAIOIIEH
audPys3uto HeUTPOHOB. [Ipu ATOM B COTITaCOBaHHOUM MOJIETU CIEAYET
YUYUTBHIBATH TEILIO, CTEKAIOIIEE BHYTPb U3 BHEITHEW KOPBI.

HarpeB u octeiBanue Tpanzuenta MXB 1659-29 Takke MOXKHO omnucaTh Ipu
MOMOIIM 00EUX MOJEJIeH aKKPEMPOBAHHOM BHYTPEHHEHN KOPBI — KakK
TPaJUIIMOHHON, TaK U yuuThIBaromied 1udy3uto HEUTPOHOB, — HO C
pPa3HBIMHU 3HAYECHUSIMUA MHTEHCUBHOCTHU «MEJIKOTO HarpeBa» M mapaMmerpa
HEOJHOPOJHOCTH KOPBI, YMEHBIIAOIIETO TEIIONPOBOAHOCTb.



