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Deep Deep CrustalCrustal Heating .... Heating .... �������� ......
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Thermal evolution :Thermal evolution :

ν γ=
•

s dh
dTC(T) - L (T) - L (T ) L ( )
dt

M� ν γ
•

+=dh sL ( ) L (T) L (TM )

������
����.�

�
��* ����.�������

���	�* ��
�.���/

S S=
•

L L ( M )

•

s sT = T (t)
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Thermal states of :Thermal states of :

•• transiently accreting transiently accreting NSsNSs &  &  
•• cooling isolated cooling isolated NSsNSs

Test essentially the same physics :  Test essentially the same physics :  

-- Composition and Composition and superfluiditysuperfluidity of of superdensesuperdense NS coresNS cores
-- Composition, conductivity and structure of NS crustsComposition, conductivity and structure of NS crusts
-- LightLight--elements accreted envelopes, etc elements accreted envelopes, etc ……

Direct Direct correspondensecorrespondense of the problems : of the problems : YakovlevYakovlev, , LevenfishLevenfish, , HaenselHaensel `03`03

Thermal steadyThermal steady--state at given accretion rate  :state at given accretion rate  :



CrustalCrustal heating is very sensitive to underlying nuclear physics   :heating is very sensitive to underlying nuclear physics   :

�

?? electron capture strengths  (fix the  electron capture strengths  (fix the  
heating from deheating from de--excitations of excited excitations of excited 
daughter nuclei)daughter nuclei)

?? electronelectron--capture thresholdscapture thresholds

?? neutron separation energiesneutron separation energies

?? initial composition of  ashesinitial composition of  ashes

?? pycnopycno--nuclear reactionsnuclear reactions

?? ..............................................................................

At the point, At the point, 
there are many uncertainties ...there are many uncertainties ...

Wanted:Wanted:
•• reliable estimates of the structure of reliable estimates of the structure of 

neutronneutron--rich nuclei up to A=106rich nuclei up to A=106

•• nuclei massesnuclei masses

•• reliable  betareliable  beta--decay ratesdecay rates

•• reaction rates for the preaction rates for the p-- & He& He--inducedinduced
reactions on neutronreactions on neutron--deficient nuclei deficient nuclei 

•• account for plasma screening  effectsaccount for plasma screening  effects

•• dependence on mass accretion ratedependence on mass accretion rate

•• How sensitive are thermal states of How sensitive are thermal states of SXTsSXTs to uncertainties of to uncertainties of crustalcrustal heating theory?heating theory?
•• Can we put some constraints on deep Can we put some constraints on deep crustalcrustal heating?heating?



Crustal heating models:

Sato `79  ..........................................  56 Fe Sato `79  ..........................................  56 Fe 
HaenselHaensel & & ZdunikZdunik `90  `90  ………………………….  56 Fe .  56 Fe 
HaenselHaensel & & ZdunikZdunik `03  `03  …………………………. 106 Pd. 106 Pd
Gupta, Brown et al `06  Gupta, Brown et al `06  ……………….. ashes mixture.. ashes mixture
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  composed of nucleons  (composed of nucleons  (EoSEoS by by PrakashPrakash, Ainsworth, , Ainsworth, LattimerLattimer 1988)1988)

  direct direct UrcaUrca process is allowed in the inner core of process is allowed in the inner core of NSsNSs with M>1.35 with M>1.35 MsunMsun

  strong strong 11SS00 proton proton superfluiditysuperfluidity in a core (model in a core (model ““1p1p”” from  from  KaminkerKaminker et al `01)et al `01)

  no mild no mild 33PP22 neutron neutron superfluiditysuperfluidity in a core (model in a core (model ““1nt1nt”” from from KaminkerKaminker et al `01)et al `01)
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≥ 910 KcpT
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98(3 10 3 10 ) KcnT ×∉ ÷ ×
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Thermal states of cooling ISNs

Yakovlev etal 2002 Levenfish, Haensel 2007

98(3 10 3 10 ) KcnT ×∉ ÷ ×

Steady-states of accreting NSs in SXTs



	�������������
��������� 

2��#����
����	6����
�����
�������5
��������
����	6����
��������������

$�������	6��������
������
�

��������
�
��������2
������	�(*

6��� �;���#���
����<''+

1�����?
�����2���������������
����	6����
����������	�������3������***��������



1�����?
�����2���������������
����	6����
����������	������3��������
 ���

• A��������������������
�3���2�
��
�����
�����0�	�
� ���
�����
��
�����
�������2�	������7���������

 ��
�����$��
$���	��

��&��
'�
#�"�
(�)�"�&�
����
���
��&�"��
���(�"
(�	"	��
**

 ��"#��

����

��
���
$���	��
���
 �������
����

��

���
�$$"��	��
��
 	�
�� 


Gusakov et al 2004 & Page et al 2004:  
“Minimal cooling scenario” :  fast cooling 

due to the neutron Cooper Pairing 

Levenfish,  Haensel 2007:
EoS by Douchin, Haensel 2001 and SF models 

“p1” & “nt1” as in Gusakov et al 2001



�� The data on The data on INSsINSs and and SXTsSXTs test essentially the same physicstest essentially the same physics
of the internal structure of of the internal structure of NSsNSs and can be analyzed together and can be analyzed together 

�� These data can probe: the EOS and composition of a NS core, These data can probe: the EOS and composition of a NS core, 
superfluiditysuperfluidity of baryons, the level of neutrino emission, of baryons, the level of neutrino emission, 
the models of  accreted crusts, etcthe models of  accreted crusts, etc

�� Interpretation of thermal emission from both Interpretation of thermal emission from both INSsINSs & & SXTsSXTs require require 
the presence of rather strong proton the presence of rather strong proton superfluiditysuperfluidity with with TTcpcp > 10> 109 9 KK
in NS coresin NS cores

�� Both Both INSsINSs and and SXTsSXTs rule out  the models of mild neutron rule out  the models of mild neutron 
superfluiditysuperfluidity in the cores of lowin the cores of low--mass mass NSsNSs: : TTcncn ~ 3x10~ 3x1088 –– 3x103x109 9 KK

�� The data on The data on SXTsSXTs seem to rule out  the Cooperseem to rule out  the Cooper--pairing neutrino pairing neutrino 
emission as an enhanced cooling agentemission as an enhanced cooling agent

SUMMARYSUMMARY

∉



Thermal states of SXTs vs deep crustal heating
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It seems that It seems that ……..

quiescent thermal emission of  quiescent thermal emission of  SXTsSXTs is most naturally is most naturally 
explained  within deep explained  within deep crustalcrustal heating hypothesis if heating hypothesis if ……

the total heat deposited in the crust is ~  the total heat deposited in the crust is ~  MeVMeV/ nucleon !/ nucleon !


