
Neutron Stars�
Lecture 2:


Evolution and Cooling

1

Dany Page

Instituto de Astronomía


Universidad Nacional Autónoma de México



2

NS 1987A

in�

SN 1987A



The Supernova

1987A



Dany Page               Neutron Stars: Evolution and Cooling                  N3AS Summer School, UC Santa Cruz, July 19, 2023

The Event: 23rd February, 1987

4

Discovery: Ian Shelton, in La Campanas (Chile),

processing an image sees a “spot” …


Reaches (in March ‘87) magnitude 3: 

L ~ 108 L⦿ for several months


The first supernova visible by eye since Kepler (1604) . . .


                                         . . . or Flamsteed, 1680?



Large Magellanic Cloud

     D = 55 kpcs

Copyright: Loke Kun Tan (StarryScapes)

Tarantula nebula

(30 Doradus aka NGC 2070)

http://www.starryscapes.com/


Copyright: ESO: https://www.eso.org/public/images/eso0708a/

Large Magellanic Cloud

     D = 55 kpcs

Tarantula nebula

(30 Doradus aka NGC 2070)

https://www.eso.org/public/images/eso0708a/


Large Magellanic Cloud

     D = 55 kpcs

After Before



Dany Page               Neutron Stars: Evolution and Cooling                  N3AS Summer School, UC Santa Cruz, July 19, 2023

The Neutrinos from SN 1987A

8

Kamiokande II
recorded 12 neutrinos
IMB recorded 


8 neutrinos


20-40 MeV


over 6 sec.
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IMB Detector

9

In Fairport Harbor, nearby Cleveland (Ohio, USA), in a salt mine, 600 meters underground

Detector: cubical tank filled with ~7,000 m3 of ultra pure water covered by 2,048 PMTs.

⌫e + p �! e+ + n

⌫e + e� �! ⌫e + e�

<latexit sha1_base64="Iw6FUyQ1OJl4LDDjsQJhy3SSd0E="></latexit>

For SN neutrinos:

For Solar neutrinos:
�⌫ep ⇠ 100�⌫ee�

<latexit sha1_base64="QC7tb09ZmiIGcwgNR4VLl3t3cOk=">AAACO3icbVBNSwMxFMz6bf2qevQSLIIHLbtSUPEievFYwdZCd12y6WsNJtklyQpl2R/jD/HsVY+ePSlevZuti6h1IDDMzHvhTZRwpo3rPjsTk1PTM7Nz85WFxaXllerqWlvHqaLQojGPVSciGjiT0DLMcOgkCoiIOFxGN6eFf3kLSrNYXphhAoEgA8n6jBJjpbB65Gs2ECTM/NjGii2ZL9M8BJzk2HoCe66L/R38nZOpNeFqN8dhtebW3RHwOPFKUkMlmmH11e/FNBUgDeVE667nJibIiDKMcsgrfqohIfSGDKBrqSQCdJCNjszxllV6uB8r+6TBI/XnREaE1kMR2aQg5lr/9QrxXy8S/8nd1PQPgozJJDUg6df//ZRjE+OiSNxjCqjhQ0sIVcyegOk1UYQaW3fFduP9bWKctPfqXqN+eN6oHZ+ULc2hDbSJtpGH9tExOkNN1EIU3aEH9IienHvnxXlz3r+iE045s45+wfn4BL5jrXs=</latexit>

http://www-personal.umich.edu/~jcv/imb/imb.html

http://www-personal.umich.edu/~jcv/imb/imb.html
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The Neutrinos from SN 1987A

10

Detected neutrinos: E ~ 10 MeV ⇒ ~ 2×1058 neutrinos emitted

M ' 1.6M� =) N ⇡ 3⇥ 1057 part.

<latexit sha1_base64="v2dNKC45GB2KIxsJfeGvcgCbeZk="></latexit>

EG

N
' 10�4 erg ' 60MeV =) T ⇡ 6⇥ 1011 K

<latexit sha1_base64="kl0VaiYaXqIEEeqv67vaT7mf+S4="></latexit>

At a distance of 55 kpcs: 1011 neutrinos per cm2 passed by !

<latexit sha1_base64="/mcWZEd3pSifVz4RufW6RFfY7KA=">AAACQXicbZDLSgMxFIYzXmu9VV26CRbBVZmprRbcVETqRqhiL9BpSybNtKHJzJhkxDLM8/ggrt0qPkJ34taN6WWhbQ8Efr7/HE7O7wSMSmWan8bS8srq2npiI7m5tb2zm9rbr0o/FJhUsM98UXeQJIx6pKKoYqQeCIK4w0jN6V+N/NoTEZL63oMaBKTJUdejLsVIadROXV63S9CWlJNHaLsC4ah028rG0X0MbRQEwn+GOVtpW0 LLbEX5U80voM2R6gkeEdGN26m0mTHHBeeFNRVpMK1yOzW0Oz4OOfEUZkjKhmUGqhkhoShmJE7aoSQBwn3UJQ0tPaSXN6PxqTE81qQDXV/o5yk4pn8nIsSlHHBHd47+KGe9EVzoOXwRboTKLTQj6gWhIh6e7HdDBpUPR3HCDhUEKzbQAmFB9QkQ95DOUenQkzobazaJeVHNZqyzTP4uly4WpiklwCE4AifAAuegCG5AGVQABi/gDbyDD+PVGBpfxvekdcmYzhyAf2X8/ALjCK+E</latexit>

EG ' GM2

R
⇡ 4⇥ 1053 erg
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The Proto-Neutron Star Phase: First Min.

11

The birth of neutron stars

Burrows, A.; Lattimer, J. M.

1986ApJ...307..178B

Lepton(e+µ+ν) fraction Neutrino (νe) fraction

After 20 seconds neutrinos have left and we have a 5% lepton (e+µ) fraction:

np = ne+nµ gives a 4% proton and 96% neutron fractions: it is now a neutron star
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Expected Mass of NS 1987A

12

From the detected neutrinos: if about 1/6 of the total binding energy was radiated as the

observed electron anti-neutrinos then

                                                 Ebind = (2.9 ± 1.2) × 1053 ergs

and its gravitational mass is

                                                       M = (1.38 ± 0.43) M⦿ 

Explosion models of Utrobin et al (2019) for state-of-the-art progenitor models of SN 1987A 
indicate the baryonic mass, MB, of its compact remnant to be (1.35 - 1.66) M⦿. 


 Results of Ertl et al. (2020) predict (1.48 - 1.56) M⦿ for single-star progenitors and


 (1.38 - 1.75) M⦿ for binary progenitors.

Together these give a gravitational mass


                                                    M ≃ (1.22 - 1.62) M⦿ 

Three-dimensional mixing and light curves: constraints on the progenitor of supernova 1987A
Utrobin, V. P.; Wongwathanarat, A.; Janka, H. -Th.; Müller, E.; Ertl, T.; Woosley, S. E.
2019A&A...624A.116U

The Explosion of Helium Stars Evolved with Mass Loss 
Ertl, T.; Woosley, S. E.; Sukhbold, Tuguldur; Janka, H. -T. 
2020ApJ...890...51E 

This expected mass range is well below the measured masses of several pulsars and

thus makes it very unlikely that the compact remnant of SN 1987A be a black-hole.

Analysis of the Neutrino Events from Supernova 1987A

Lattimer, James M.; Yahil, A.

1989ApJ...340..426L

https://ui.adsabs.harvard.edu/abs/2019A%26A...624A.116U/abstract
https://ui.adsabs.harvard.edu/abs/2020ApJ...890...51E/abstract
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Formation of Nuclei in the Neutron Star Crust

13

Chemical composition from Lattimer−Swesty EOS

Swesty, Lattimer & Myra, ApJ 425 (1994), p. 195−204

Chemical 
composition
predicted by

LS EOS

Cold catalized
matterZn30

80 Ni28
88 117Zr40

193
50Sn

p  n  e   e γ− +

Fe26
60

Fe26
61

Co27
66

Ni

Ni

71
Zn30

83

Al13
76

107Ga31

28

28
62 Ni28

64 Ni28
68

α particles
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Phases of Neutron Star Cooling

14

- Proto-Neutron Star: ~30 seconds:

Matter from the collapsed iron core: xp = 40%.

Neutrinos are trapped, once they have left xp = 5% and we have a "Neutron Star".

"Exotic matter" (hyperons, quarks, ...) will form at the end of this phase: needs low xp.


- Neo-Neutron Star: ~1 year:

Rapid cooling of outer layers by neutrino emission.

Eddington luminosity for about an hour.

Ends with Teff ~ 2-4x106 K.


- Young Neutron Star: ~50 years:

Early plateau: crust relaxation phase whose heat flows into the core.

Crust neutrino emission is not very efficient.

At its end the interior is isothermal and Teff reflects the core temperature.


- Neutrino Cooling Phase: ~105 years:

Evolution of the isothermal star is driven by core neutrino emission.


- Photon Cooling Phase: ~106 years:

Evolution of the isothermal star is driven by surface photon emission.


- Dark Phase: >> 106 years :

Star possibly kept not too cold by internal heating (mag. field decay, friction from differential rotation, 
baryonic/dark matter accretion, ...)



The Remnant of

SN 1987A
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The SN 1987A “Remnant”

16

The Remnant of Supernova 1987A
McCray, Richard; Fransson, Claes
2016ARA&A..54...19M

“The” Ring or the

Equatorial Ring

Northern Outer Ring

Southern Outer Ring

https://ui.adsabs.harvard.edu/abs/2016ARA%26A..54...19M/abstract
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The Three Rings of SN 1987A

17

2 light yrs

6 light yrs

165,000 light years

https://www.eso.org/public/news/eso1032/

- Rings initially turned on when illuminated by the supernova light


- Later the central ring was hit by the supernova shock was and became brighter


- Central dust is energized by radioactive 44Ti decay

Artistic vision from L. Calçada - ESO

https://www.eso.org/public/news/eso1032/
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SN Shock Wave Reaches the Inner Ring

18
https://www.spacetelescope.org/images/heic1704b/

5 March, 1995 8 January, 1999 16 June, 2000

7 December, 2001 6 December, 20065 January, 2003

Supernova 1987A - 1995 to 2006

Hubble Space Telescope - WFPC2 - ACS


NASA & R. Kirshner (Harvard - Smithsonian Center for Astrophysics)

https://www.spacetelescope.org/images/heic1704b/
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“The” Ring and the SN Material

19

The Remnant of Supernova 1987A
McCray, Richard; Fransson, Claes
2016ARA&A..54...19M

Material ejected

by the progenitor

star wind long 

before the

SN explosion

H/He envelope

ejected by the SN

“Interior debris”,

C/O/Mg/Si/ …/Ti/Ni/Fe/…:

heavy elements from

the interior of the star,

products of the star’s

nucleosynthesis

Rayleigh-Taylor

instability

https://ui.adsabs.harvard.edu/abs/2016ARA%26A..54...19M/abstract
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Bolometric Light-Curve of SN 1987A

20

The Production of 44Ti and 60Co in Supernovae

Timmes, F. X.; Woosley, S. E.; Hartmann, D. H.; Hoffman, R. D.

1996ApJ...464..332T

44Ti decay: electron capture
<latexit sha1_base64="xio/RBUVy/2Mdy7clSRt8cgF2r0="></latexit>

44Ti + e� �!44 Sc⇤ + ⌫e ⌧0 ' 85 yr

44Sc de-excitation: two photons
<latexit sha1_base64="LubtHCMJJOH1CJkIDkXPiK0eCLI="></latexit>

44Sc⇤ �!44 Sc + �(67.85 keV) + �(78.38 keV)

44Sc decay: β+-decay
<latexit sha1_base64="d3hFeEKY/mg+TVfAs/vJw+NGZGA="></latexit>

44Sc �!44 Ca⇤ + e+ + ⌫e ⌧0 ' 5.7 hr

44Ca de-excitation: one photons
<latexit sha1_base64="lXhAbfNQxmcEeunIh9iKyBie+Po="></latexit>

44Ca⇤ �!44 Ca + �(1.157MeV)

e+-e- annihilation: two photons of 0.511 MeV



A Compact Source

in


SN 1987A
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Dust in the Inner Part of SN 1987A

22

High angular resolution ALMA images of dust and molecules in the SN 1987A ejecta
Cigan, Phil et al.  2019ApJ...886...51C

(next slide)

https://ui.adsabs.harvard.edu/abs/2019ApJ...886...51C/abstract
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The Discovery: a “Blob” in the Debris’ Dust

23

High angular resolution ALMA images of dust and molecules in the SN 1987A ejecta
Cigan, Phil et al.  2019ApJ...886...51C

3σ

3σ
3σ

The blob is a 5σ detection, slightly offset from the center of the debris (center of explosion).

Inner debris are energized by 44Ti decay (half life 60 yrs), Tdust ~ 17-22 K

“The Blob”: Tdust ~ 33 K difficult to explain by just higher debris density: needs extra energy

           5σ

https://ui.adsabs.harvard.edu/abs/2019ApJ...886...51C/abstract
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The Discovery: a “Blob” in the Debris’ Dust

24

High angular resolution ALMA images of dust and molecules in the SN 1987A ejecta
Cigan, Phil et al.  2019ApJ...886...51C

3σ

3σ
3σ

The blob is a 5σ detection, slightly offset from the center of the debris (center of explosion).

Inner debris are energized by 44Ti decay (half life 60 yrs), Tdust ~ 17-22 K

“The Blob”: Tdust ~ 33 K difficult to explain by just higher debris density: needs extra energy

Energy injection by the Central Compact Object:   40-90 L⦿ ~ 1.5-3.5×1035 erg s-1

the “blob”: 

            5σ

https://ui.adsabs.harvard.edu/abs/2019ApJ...886...51C/abstract
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The ALMA Observatory

25

Located in the Atacama desert (altitud: 5,000 m)

66 antenas (54 of 12m and 12 of 7m diameter)

movable with maximum separation of 16 km.

Observes from 0.32 mm to 3.2mm (100 to 1000 GHz).

Cost: US$1,4 billions, began operating in 2011.

Each antena weighs 115 tons
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28

Cooling�
of


Neutron Stars



The

Neo-Neutron Star


Phase (1 year)
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Phases of Neutron Star Cooling

30

- Proto-Neutron Star: ~30 seconds:

Matter from the collapsed iron core: xp = 40%.

Neutrinos are trapped, once they have left xp = 5% and we have a "Neutron Star".

"Exotic matter" (hyperons, quarks, ...) will form at the end of this phase: needs low xp.


- Neo-Neutron Star: ~1 year:

Rapid cooling of outer layers by neutrino emission.

Eddington luminosity for about an hour.

Ends with Teff ~ 2-4x106 K.


- Young Neutron Star: ~50 years:

Early plateau: crust relaxation phase whose heat flows into the core.

Crust neutrino emission is not very efficient.

At its end the interior is isothermal and Teff reflects the core temperature.


- Neutrino Cooling Phase: ~105 years:

Evolution of the isothermal star is driven by core neutrino emission.


- Photon Cooling Phase: ~106 years:

Evolution of the isothermal star is driven by surface photon emission.


- Dark Phase: >> 106 years :

Star possibly kept not too cold by internal heating (mag. field decay, friction from differential rotation, 
baryonic/dark matter accretion, ...)
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Luminosity Evolution

31

Thermal Evolution of Neo-neutron Stars. I. Envelopes, Eddington Luminosity Phase, and Implications for GW170817
Beznogov, Mikhail V.; Page, Dany; Ramirez-Ruiz, Enrico
2020ApJ...888...97B

1: Eddington phase: relaxation 
from initial condition ~ 1hour


2: Cooling by pair neutrinos


3: Cooling by plasma neutrinos


4: Early plateau: young NS phase

https://ui.adsabs.harvard.edu/#abs/2020ApJ...888...97B/abstract


Dany Page                                                                     Envelope

Neutrino (Pair) Emission in the Crust

32

<latexit sha1_base64="gTZ87EZYCa3S7hB0I+I8BL3eQak=">AAACL3icbVDJSgNBFOyJe9yiHr00BkEQ4oy45BjwoEcFYwKZMLzpdJImvQzdPZow5DP8EM9e9RvEi3j1L+wsB5cUNBRVr17zKk44M9b3373c3PzC4tLySn51bX1js7C1fWdUqgmtEsWVrsdgKGeSVi2znNYTTUHEnNbi3sXIr91TbZiSt3aQ0KaAjmRtRsA6KSochZcgBOCQK9nRrNO1oLV6wKFMoz4+xKFy6dHyzCnDqB8Vin7JHwP/J8GUFNEU11HhK2wpkgoqLeFgTCPwE9vMQFtGOB3mw9TQBEgPOrThqARBTTMbHzbE+05p4bbS7kmLx+rPRAbCmIGI3aQA2zV/vZE404vFLLmR2na5mTGZpJZKMvm/nXJsFR6Vh1tMU2L5wBEgmrkTMOmCBmJdxXnXTfC3if/k7rgUnJVOb06KlfK0pWW0i/bQAQrQOaqgK3SNqoigR/SMXtCr9+S9eR/e52Q0500zO+gXvK9vAMGp1g==</latexit>

� �! ⌫x + ⌫x

<latexit sha1_base64="ywh9xe9yrPfwChDM9wqCtXN0Vbo="></latexit>

e+ + e� �! ⌫x + ⌫x

<latexit sha1_base64="O/leGpASWjnH2n+yKS2A85XxTBE="></latexit>

e� +N �! e� +N + ⌫x + ⌫x

<latexit sha1_base64="ssVNjBuc0O8NnRo1MPEWdHKYX4A="></latexit>

e�
B�! e� + ⌫x + ⌫x

<latexit sha1_base64="mcRrJ5aXfn1YqjSZKQh5il3V8FY="></latexit>

e� + � �! e� + ⌫x + ⌫x

<latexit sha1_base64="zeFNyBBwmhWqDTvUs/Afm3olu4U="></latexit>

n+ n �! hnni+ ⌫x + ⌫x
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e−ion BREMS

ANNIHILATION

Pair annihilation:

Plasmon decay::

e-ion bremsstrahlung:

Synchrotron radiation:

Photo-neutrino emission:

Cooper pair formation:
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Early Cooling of the Envelope

33

Thermal Evolution of Neo-neutron Stars. I. Envelopes, Eddington Luminosity Phase, and Implications for GW170817
Beznogov, Mikhail V.; Page, Dany; Ramirez-Ruiz, Enrico
2020ApJ...888...97B

Background color: pressure

         (contour lines are isobars)

P independent of density:

         pair plasma

P independent of temperature:

         degenerate matter

Outermost layer contracts

at constant pressure:

from pair plasma to

degenerate matter

- Layers "a" cool by neutrinos:

"a2" by pair neutrinos

"a3" by plasmon neutrinos

(separated by white dotted line)


- Layers "b" follow cooling of deeper ones

- Later cooling is driven by


deeper layers once thermal

time scale of envelope ~ age

https://ui.adsabs.harvard.edu/#abs/2020ApJ...888...97B/abstract
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Luminosity Evolution

34

Thermal Evolution of Neo-neutron Stars. I. Envelopes, Eddington Luminosity Phase, and Implications for GW170817
Beznogov, Mikhail V.; Page, Dany; Ramirez-Ruiz, Enrico
2020ApJ...888...97B

1: Eddington phase: relaxation 
from initial condition ~ 1hour


2: Cooling by pair neutrinos


3: Cooling by plasma neutrinos


4: Early plateau: young NS phase

At stage 4: L ~ 1035 erg/s

~ luminosity of the

blob in SN 1987A !!!

https://ui.adsabs.harvard.edu/#abs/2020ApJ...888...97B/abstract


35

Long Term Cooling�
of


Neutron Stars
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Phases of Neutron Star Cooling

36

- Proto-Neutron Star: ~30 seconds:

Matter from the collapsed iron core: xp = 40%.

Neutrinos are trapped, once they have left xp = 5% and we have a "Neutron Star".

"Exotic matter" (hyperons, quarks, ...) will form at the end of this phase: needs low xp.


- Neo-Neutron Star: ~1 year:

Rapid cooling of outer layers by neutrino emission.

Eddington luminosity for about an hour.

Ends with Teff ~ 2-4x106 K.


- Young Neutron Star: ~50 years:

Early plateau: crust relaxation phase whose heat flows into the core.

Crust neutrino emission is not very efficient.

At its end the interior is isothermal and Teff reflects the core temperature.


- Neutrino Cooling Phase: ~105 years:

Evolution of the isothermal star is driven by core neutrino emission.


- Photon Cooling Phase: ~106 years:

Evolution of the isothermal star is driven by surface photon emission.


- Dark Phase: >> 106 years :

Star possibly kept not too cold by internal heating (mag. field decay, friction from differential rotation, 
baryonic/dark matter accretion, ...)



Neutrino Processes



Dany Page               Neutron Stars: Evolution and Cooling                  N3AS Summer School, UC Santa Cruz, July 19, 2023

The Direct Urca Process

38

Basic mechanism: β and inverse β decays:

n �⇥ p + e� + �e and p + e� �⇥ n + �e

xp � np

nn + np
⇥ 1

9
⇤ 11%

Momentum conservation:

“Triangle rule”:    pFn < pFp + pFe

ni =
k3

F i

3�2
⇥ n1/3

n � n1/3
p + n1/3

e = 2n1/3
pp

e-
EFn = EFp + EFe

Energy conservation:

←mpmn→
n
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The Modified Urca Process

39

Direct Urca process:

DUrca needs xp > 11%: possible only at high densities

Modified Urca process:

The “spectator” neutron n´ gives or take the needed extra momentum: 
possible at any density 

← One cubic meter of

    matter at T=109 K emits

    1033 erg s-1 ~ L☉

✏DUrca ' 1027 · T 69 erg cm�3 s�1

✏MUrca ' 1021 · T 89 erg cm�3 s�1
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The Murca-Bremsstrahlung Family & Durca

40
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The Murca-Bremsstrahlung Family & Durca

41



42

URCA casino

RIO do

JANEIRO URCA =


“Un-Recorded

Cooling

Agent” !
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Neutrino Emission from Hyperons

43

Hyperons, as Λ and Σ-, can be produced through reactions as, e.g.

Energy conservation requires: 

very easily satisfied for Λ 

and not very difficult to satisfy for Σ-  

Momentum conservation:

Hyperons will result in DUrca processes if they can be present
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Neutino Emission from Deconfined Quarks

44

2 DUrca processes are possibles (energy and momentum are easily conserved):

In                                     the matrix element (squared)

Deconfined Quarks will result in DUrca processes if they can be present

vanishes if µq = cpFq  ⇒ need αc correction: 
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A sample of neutrino emission processes
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A sample of neutrino emission processes

Anything beyond just neutrons and protons


(and only a small amount of them)


results in enhanced neutrino emission



Naive

Neutron Star Cooling
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Direct vs Modified Urca Cooling

47

Models based on the PAL EOS:


adjusted (by hand) so that 
DURCA becomes allowed 
(triangle rule !) at M > 1.35 MSun.

SLOW

FAST

This value is arbitrary: 

we DO NOT know the value of 
this critical mass, and hopefully 
observations will, some day, tell 
us what it is !

“The Cooling of Neutron Stars by the Direct Urca Process”, Page & Applegate, ApJ 394, L17 (1992)

GR models, solving 
numerically the energy 
balance and heat transport 
equations, with lots of 
microphysics involved.
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Successive Phases of Cooling

48
“The Cooling of Neutron Stars by the Direct Urca Process”, Page & Applegate, ApJ 394, L17 (1992)

Early Time:

Te controled by

ν emission

in the crust

Crust relaxation:

crustal heat flows

into the core.

Isothermal Star:

Te controled by

ν emission

from the core

Isothermal Star:

Te driven by

photon emission

from the surface



Surface

Thermal Emission:


The envelope
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Neutron Star Envelopes

50

Neutron star envelopes
Gudmundsson, E. H.; Pethick, C. J.; Epstein, R. I.
1982ApJ...259L..19G

Structure of neutron star envelopes
Gudmundsson, E. H.; Pethick, C. J.; Epstein, R. I.
1983ApJ...272..286G

~ 100 meters

http://adsabs.harvard.edu/cgi-bin/nph-data_query?bibcode=1982ApJ...259L..19G&db_key=AST&link_type=ABSTRACT&high=4480834fe910631
http://adsabs.harvard.edu/cgi-bin/nph-data_query?bibcode=1983ApJ...272..286G&db_key=AST&link_type=ABSTRACT&high=4480834fe910631
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Neutron Star Envelopes

50

Neutron star envelopes
Gudmundsson, E. H.; Pethick, C. J.; Epstein, R. I.
1982ApJ...259L..19G

Structure of neutron star envelopes
Gudmundsson, E. H.; Pethick, C. J.; Epstein, R. I.
1983ApJ...272..286G

As a rule of thumb:

~ 100 meters

http://adsabs.harvard.edu/cgi-bin/nph-data_query?bibcode=1982ApJ...259L..19G&db_key=AST&link_type=ABSTRACT&high=4480834fe910631
http://adsabs.harvard.edu/cgi-bin/nph-data_query?bibcode=1983ApJ...272..286G&db_key=AST&link_type=ABSTRACT&high=4480834fe910631
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Neutron Star Envelope: Magnetic Fields

51

Purely dipolar field

(oriented on the equatorial plane


to make a prettier picture !)

Dipolar + quadrupolar

field

Surface temperature of a magnetized neutron star and
interpretation of the ROSAT data. II.
Page, D.; Sarmiento, A.
1996ApJ...473.1067P

Surface temperature of a magnetized neutron star and
interpretation of the ROSAT data. I. Dipolar fields
Page, D.
1995ApJ...442..273P

http://adsabs.harvard.edu/cgi-bin/nph-data_query?bibcode=1996ApJ...473.1067P&db_key=AST&link_type=ABSTRACT&high=477e3a444715164
http://adsabs.harvard.edu/cgi-bin/nph-data_query?bibcode=1995ApJ...442..273P&db_key=AST&link_type=ABSTRACT&high=477e3a444715164
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Neutron Star Envelope: Magnetic Fields

52

Purely dipolar field

(oriented on the equatorial plane


to make a prettier picture !)

Dipolar + quadrupolar

field

Surface temperature of a magnetized neutron star and
interpretation of the ROSAT data. II.
Page, D.; Sarmiento, A.
1996ApJ...473.1067P

Surface temperature of a magnetized neutron star and
interpretation of the ROSAT data. I. Dipolar fields
Page, D.
1995ApJ...442..273P

The star’s effective temperature 
is then easily calculated:

This directly generates a Tb - Te 
relationship for any surface 

magnetic field geometry

http://adsabs.harvard.edu/cgi-bin/nph-data_query?bibcode=1996ApJ...473.1067P&db_key=AST&link_type=ABSTRACT&high=477e3a444715164
http://adsabs.harvard.edu/cgi-bin/nph-data_query?bibcode=1995ApJ...442..273P&db_key=AST&link_type=ABSTRACT&high=477e3a444715164
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Effects of Light Elements Envelopes

53

Log
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Pairing:

Superfluidity &


Superconductivity
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Brief History of Superconductivity & Superconductivity 

55

• 1911: Heike Kamerlingh Onnes discovers superconductivity

• 1937: Pyotr Kapitsa discovers superfluidity of 4He

• 1940: Lev Landau proposes his theory of superfluidity

• 1954: F. London proposes a simple explanation of superconductivity

• 1956: Leon Cooper ‘discovers’ the Cooper pairs

• 1957: J. Bardeen, L.N. Cooper, & J.R. Schrieffer present the 

             `BCS´ theory of superconductivity.

• 1958: A. Bohr, B.R. Mottelson, & D. Pines argue that neutrons and protons in nuclei         

            form Cooper pairs

• 1959: A. Migdal suggests that neutrons in neutron stars may be superfluid

• 1960´s: theoretical work on possibility of 3He superfluidity à la BCS 

• 1972: D.D. Osheroff, R.C. Richardson, & D. Lee discover 3He superfluidity

• 1967: J. Bell & A. Hewish discover pulsars (= neutron stars)

•       → numerous theoretical works on neutron/proton superfluidity/superconductivity

             in neutron stars ... 
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Bosons versus Fermions

56

Fermions obey the Pauli exclusion principle:

                  only one particle per wave function


Bosons do not:

       many particles can be described by the same wave function

Bose-Einstein Condensation (BEC):

             when T<Tc most particles occupy the ground state 

De Broglie wave length:

Thermal

 energy Heisenberg:

Bose-Einstein Condensation when  λdB > interparticle distance
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Bosons versus Fermions

56

Fermions obey the Pauli exclusion principle:

                  only one particle per wave function


Bosons do not:

       many particles can be described by the same wave function

Bose-Einstein Condensation (BEC):

             when T<Tc most particles occupy the ground state 

De Broglie wave length:

Thermal

 energy Heisenberg:

Bose-Einstein Condensation when  λdB > interparticle distance

Superfluidity of 4He

is some kind of


Bose-Einstein condensation
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Bosons Energy Levels and BEC

57

E
ne

rg
y

T > Tc T < Tc

Condensate
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BEC versus BCS

58

Superfluidity/superconductivity o fermions:

fermionic condensation


BCS Theory (Bardeen-Cooper-Schrieffer): 

                      1 - fermions form Cooper pairs (=bosons)

                      2 - and then the pairs can condense
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Fermion Superfluidity/Superconductivity

59

Superfluidity/superconductivity o fermions:

fermionic condensation


BCS Theory (Bardeen-Cooper-Schrieffer): 

                      1 - fermions form Cooper pairs (=bosons)

                      2 - and then the pairs can condense

Cooper pairs spin-angular momentum

spin triplet pairs

L = 0 L > 0

spin singlet pairs
L = 0 L > 0
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Fermions Energy Levels and BCS

60

E
ne

rg
y

T >> TF T < Tc <<TFT << TF

Gap 2Δ

Normal

Degenerate Fluid

BCS

Superfluid

Cooper

pairs

Non degenerate

Fluid
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Single-Particle Excitations Spectra

61

Gap 2Δ

ε(p) ε(p)

pppF pF

Normal Fermion Liquid Superfluid Fermions
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First vs Second Order Phase Transition

62

First order phase transition : everything happens at Tc, latent heat is released.


Second order phase transition: transition is initiated at Tc and 

                                                  keeps going on as T decreases.


Smooth state transition: no collective effects, no critical temperature



63

Pairing in�
Nuclei
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Nuclear Binding Energy

64

Binding energy per nucleon of the most beta-stable isobars

odd-odd nuclei: 2H (1,1), 6Li (3,3), 10B (5,5) and 14N (7,7) 

0 50 100 150 200 250
Mass number A

8.6

8.0

7.4

E/A
(MeV) even−even nuclei

odd−even/even−odd nuclei
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Lowest Excitation Levels in Nuclei

65

Possible Analogy between the Excitation Spectra of Nuclei and Those of the Superconducting Metallic State
Bohr, A.; Mottelson, B. R.; Pines, D. (1958), Phys. Rev. 110, p.936

Mass number A
150 170 190 210 230 250

0.1

0.5

1.0

E (MeV)
odd−even/even−odd nuclei

even−even nuclei
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Lowest Excitation Levels in Nuclei

66

Possible Analogy between the Excitation Spectra of Nuclei and Those of the Superconducting Metallic State
Bohr, A.; Mottelson, B. R.; Pines, D. (1958), Phys. Rev. 110, p.936

Mass number A
150 170 190 210 230 250

0.1

0.5

1.0

E (MeV)
odd−even/even−odd nuclei

even−even nuclei

Gap 2Δ
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Pairing in�
Neutron Stars
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Pairing of Nucleons

68

Superfluid State in Neutron Star Matter. I Generalized Bogoliubov Transformation and Existence of 3P2 Gap at High Density
Tamagaki, R., 1970PThPh..44..905T

spin triplet pairs

L = 0 L > 0
spin singlet pairs

L = 0 L > 0
At low kF:


1S0 pairing

S=0 L=0 J=0 S=1 L=1 J=2
At high kF:

3P2 pairing
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Prediction for Neutron 1S0 Pairing

69
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Prediction for Proton 1S0 Pairing

70
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A sample of neutrino emission processes
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The Three Basic Neutrino Processes

ν
_

n

ν

n

❬nn❭

MEDIUM

Cooper pair

formation

(“PBF”)

e-
p

ν
_

n

FAST

Direct Urca

n

n´

n´

p e-

ν
_

n

SLOW

Modified Urca



Data for

Neutron Star Cooling
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Isolated Cooling Neutron Stars I

6) PSR B1706−44

4) PSR 1E1207−52
2) PSR J1119−6127

7) PSR B0538+2817
5) PSR B0833−45

1) CXO J232327.8+584842
(in Cas A)

(in Vela)

3) PSR J0822−4300
(in Puppis A)

11) PSR B0633+1748
("Geminga")

10) PSR B1055−52
9) PSR B0656+14

12) RX J1856−3754

13) RX J0720.4−3125

8) PSR B2334+61

101000100101

Age [yrs]

6 107105104

2x106

106

5x105

2x105

105

T
  
  
[K

]
e8

Neutron stars with clearly detected thermal emission



Dany Page               Neutron Stars: Evolution and Cooling                  N3AS Summer School, UC Santa Cruz, July 19, 2023

One Example: PSR 0656+14

75

Thermal emission from isolated neutron stars: theoretical and observational aspects
V. E. Zavlin
in “Neutron Stars and Pulsars”, Ed. W. Becker, Astrophysics and Space Library, vol. 357, p. 181 (2008).
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Isolated Cooling Neutron Stars I

6) PSR B1706−44

4) PSR 1E1207−52
2) PSR J1119−6127

7) PSR B0538+2817
5) PSR B0833−45

1) CXO J232327.8+584842
(in Cas A)

(in Vela)

3) PSR J0822−4300
(in Puppis A)

11) PSR B0633+1748
("Geminga")

10) PSR B1055−52
9) PSR B0656+14

12) RX J1856−3754

13) RX J0720.4−3125

8) PSR B2334+61

101000100101

Age [yrs]

6 107105104

2x106

106

5x105

2x105

105

T
  
  
[K

]
e8

Neutron stars with clearly detected thermal emission

Te uncertainty:

atmosphere

composition +

magnetic field
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Isolated Cooling Neutron Stars I

6) PSR B1706−44

4) PSR 1E1207−52
2) PSR J1119−6127

7) PSR B0538+2817
5) PSR B0833−45

1) CXO J232327.8+584842
(in Cas A)

(in Vela)

3) PSR J0822−4300
(in Puppis A)

11) PSR B0633+1748
("Geminga")

10) PSR B1055−52
9) PSR B0656+14

12) RX J1856−3754

13) RX J0720.4−3125

8) PSR B2334+61

101000100101

Age [yrs]

6 107105104

2x106

106

5x105

2x105

105

T
  
  
[K

]
e8

Neutron stars with clearly detected thermal emission

Age estimate:

   SNR age

Te uncertainty:

atmosphere

composition +

magnetic field
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Isolated Isolated Cooling Neutron Stars I 

6) PSR B1706−44

4) PSR 1E1207−52
2) PSR J1119−6127

7) PSR B0538+2817
5) PSR B0833−45

1) CXO J232327.8+584842
(in Cas A)

(in Vela)

3) PSR J0822−4300
(in Puppis A)

11) PSR B0633+1748
("Geminga")

10) PSR B1055−52
9) PSR B0656+14

12) RX J1856−3754

13) RX J0720.4−3125

8) PSR B2334+61

101000100101

Age [yrs]

6 107105104

2x106

106

5x105

2x105

105

T
  
  
[K

]
e8

Neutron stars with clearly detected thermal emission

Age estimate:

   SNR age

Age estimate:

PSR spin-down

Te uncertainty:

atmosphere

composition +

magnetic field
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Isolated Cooling Neutron Stars II

79

f) (? in G084.2+0.8)

e) (? in G074.0−8.5)c) (? in G127.1+0.5)

b) (? in G093.3+6.9)

a) (? in G315.4−2.3)

d) (? in G065.3+5.7)

(in CTA 1)
D) PSR J0007.0+7303

(in Crab)
A) PSR B0531+21

B) PSR J1124−5916 (in 3C58)
C) PSR J0205+6449

106 107105104

2x106

106

5x105

2x105

105

T
  
  
[K

]
e8

1000100101

Age [yrs]

Detected neutron stars with undetected thermal emission
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Isolated Cooling Neutron Stars ?

80

f) (? in G084.2+0.8)

e) (? in G074.0−8.5)c) (? in G127.1+0.5)

b) (? in G093.3+6.9)

a) (? in G315.4−2.3)

d) (? in G065.3+5.7)

(in CTA 1)
D) PSR J0007.0+7303

(in Crab)
A) PSR B0531+21

B) PSR J1124−5916 (in 3C58)
C) PSR J0205+6449

106 107105104

2x106

106

5x105

2x105

105

T
  
  
[K

]
e8

1000100101

Age [yrs]

Upper limits on undetected neutron stars



Minimal Cooling
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Minimal Cooling with Medium n 3P2 Gap

82
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Minimal Cooling with Medium n 3P2 Gap

83

Older NSs

(photon cooling)


require some

“heating”

One smoking gun

for “exotic” NS

Unseen

compact object


in SNRs:

BH or cold NSs ?

Excellent fit of all

young NSs


(neutrino cooling)
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Minimal Cooling: Conclusions

84

- Minimal Cooling: excludes, a priori, any “exotic” inner core 
with fast neutrino emission.

- Benchmark model: any NS too cold for minima cooling is a 
serious candidate for the presence of “exotic” matter.


Minimal Cooling vs Data:

- IF the neutron 3P2 pairing critical Tc has the right value

all but ONE detected young NS are compatible with minimal

- IF NOT, then about 50% of detected young NSs show 
evidence of fast neutrino emission
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Minimal Cooling: Conclusions

84

- Minimal Cooling: excludes, a priori, any “exotic” inner core 
with fast neutrino emission.

- Benchmark model: any NS too cold for minima cooling is a 
serious candidate for the presence of “exotic” matter.


Minimal Cooling vs Data:

- IF the neutron 3P2 pairing critical Tc has the right value

all but ONE detected young NS are compatible with minimal

- IF NOT, then about 50% of detected young NSs show 
evidence of fast neutrino emission

Minimal vs “exotic”: do we have evidence for “exotic”:

MAYBE or MAYBE NOT


It depends on the values of neutron 3P2 Tc that are unknown

(Still bad)



Minimal Cooling

and Cas A



86
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Chandra’s First Light: Cassiopeia A

August 1999
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Chandra’s First Light: Cassiopeia A

Neutron Star !

August 1999
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SNR Expansion and Age:

88
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Rapid Cooling of Cas A

89

Direct Observation of the Cooling of the Cassiopeia A Neutron Star 
Heinke, Craig O.; Ho, Wynn C. G.   2010ApJ...719L.167H

4%
 decrease in T

e 

20%

 decrease in Lγ

http://adsabs.harvard.edu/cgi-bin/nph-data_query?bibcode=2010ApJ...719L.167H&db_key=AST&link_type=ABSTRACT
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Rapid Cooling of Cas A

89

Direct Observation of the Cooling of the Cassiopeia A Neutron Star 
Heinke, Craig O.; Ho, Wynn C. G.   2010ApJ...719L.167H

It is the youngest known neutron star


It is the first time we see a NS cool in real time !

4%
 decrease in T

e 

20%

 decrease in Lγ

http://adsabs.harvard.edu/cgi-bin/nph-data_query?bibcode=2010ApJ...719L.167H&db_key=AST&link_type=ABSTRACT
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Minimal Cooling with Medium n 3P2 Gap

90

Older NSs

(photon cooling)


require some

“heating”

One smoking gun

for “exotic” NS

Unseen

compact object


in SNRs:

BH or cold NSs ?

Excellent fit of all

young NSs


(neutrino cooling)



Dany Page               Neutron Stars: Evolution and Cooling                  N3AS Summer School, UC Santa Cruz, July 19, 2023

Minimal Cooling and “Cas A”

91

Excellent fit of all

young NSs


(neutrino cooling)

One smoking gun

for “exotic” NS

Older NSs

(photon cooling)


require some

“heating”

Excellent fit of all

young NSs


(neutrino cooling)

Unseen

compact object


in SNRs:

BH or cold NSs ?
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Minimal Cooling and “Cas A”

92

Excellent fit of all

young NSs


(neutrino cooling)

One smoking gun

for “exotic” NS

Older NSs

(photon cooling)


require some

“heating”

Excellent fit of all

young NSs


(neutrino cooling)

Unseen

compact object


in SNRs:

BH or cold NSs ?
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Minimal Cooling and “Cas A”

92

Excellent fit of all

young NSs


(neutrino cooling)

One smoking gun

for “exotic” NS

Older NSs

(photon cooling)


require some

“heating”

Excellent fit of all

young NSs


(neutrino cooling)

Unseen

compact object


in SNRs:

BH or cold NSs ?

BINGO !



93

The first direct evidence that superfluidity and superconductivity 
occur at supranuclear densities within neutron stars.



The

Crust Relaxation

Phase (50 years):

NS 1987A (again)
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Phases of Neutron Star Cooling

95

- Proto-Neutron Star: ~30 seconds:

Matter from the collapsed iron core: xp = 40%.

Neutrinos are trapped, once they have left xp = 5% and we have a "Neutron Star".

"Exotic matter" (hyperons, quarks, ...) will form at the end of this phase: needs low xp.


- Neo-Neutron Star: ~1 year:

Rapid cooling of outer layers by neutrino emission.

Eddington luminosity for about an hour.

Ends with Teff ~ 2-4x106 K.


- Young Neutron Star: ~50 years:

Early plateau: crust relaxation phase whose heat flows into the core.

Crust neutrino emission is not very efficient.

At its end the interior is isothermal and Teff reflects the core temperature.


- Neutrino Cooling Phase: ~105 years:

Evolution of the isothermal star is driven by core neutrino emission.


- Photon Cooling Phase: ~106 years:

Evolution of the isothermal star is driven by surface photon emission.


- Dark Phase: >> 106 years :

Star possibly kept not too cold by internal heating (mag. field decay, friction from differential rotation, 
baryonic/dark matter accretion, ...)
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Luminosity Evolution

96

Thermal Evolution of Neo-neutron Stars. I. Envelopes, Eddington Luminosity Phase, and Implications for GW170817
Beznogov, Mikhail V.; Page, Dany; Ramirez-Ruiz, Enrico
2020ApJ...888...97B

1: Eddington phase: relaxation 
from initial condition ~ 1hour


2: Cooling by pair neutrinos


3: Cooling by plasma neutrinos


4: Early plateau: young NS phase

At stage 4: L ~ 1035 erg/s

~ luminosity of the

blob in SN 1987A !!!

https://ui.adsabs.harvard.edu/#abs/2020ApJ...888...97B/abstract
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Direct vs Modified Urca Cooling

97

Models based on the PAL EOS:


adjusted (by hand) so that 
DURCA becomes allowed 
(triangle rule !) at M > 1.35 MSun.

SLOW

FAST

This value is arbitrary: 

we DO NOT know the value of 
this critical mass, and hopefully 
observations will, some day, tell 
us what it is !

“The Cooling of Neutron Stars by the Direct Urca Process”, Page & Applegate, ApJ 394, L17 (1992)

GR models, solving 
numerically the energy 
balance and heat transport 
equations, with lots of 
microphysics involved.
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Early Plateau

98

Fast inner core cooling:

direct Urca process

Slow core cooling:

modified Urca process

The cooling of the

outer crust slow

down when plasma

neutrinos shut off:

early plateau

Neutron Star Cooling I
Page, D.
Heraeus Seminar contribution
2009ASSL..357..247P

http://adsabs.harvard.edu/abs/2009ASSL..357..247P
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The Discovery: a “Blob” in the Debris’ Dust

99

High angular resolution ALMA images of dust and molecules in the SN 1987A ejecta
Cigan, Phil et al.  2019ApJ...886...51C

3σ

3σ
3σ

The blob is a 5σ detection, slightly offset from the center of the debris (center of explosion).

Inner debris are energized by 44Ti decay (half life 60 yrs), Tdust ~ 17-22 K

“The Blob”: Tdust ~ 33 K difficult to explain by just higher debris density: needs extra energy

the “blob”: 

            5σ

https://ui.adsabs.harvard.edu/abs/2019ApJ...886...51C/abstract
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The Discovery: a “Blob” in the Debris’ Dust

99

High angular resolution ALMA images of dust and molecules in the SN 1987A ejecta
Cigan, Phil et al.  2019ApJ...886...51C

3σ

3σ
3σ

The blob is a 5σ detection, slightly offset from the center of the debris (center of explosion).

Inner debris are energized by 44Ti decay (half life 60 yrs), Tdust ~ 17-22 K

“The Blob”: Tdust ~ 33 K difficult to explain by just higher debris density: needs extra energy

Energy injection by the Central Compact Object:   40-90 L⦿ ~ 1.5-3.5×1035 erg s-1

the “blob”: 

            5σ

https://ui.adsabs.harvard.edu/abs/2019ApJ...886...51C/abstract
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NS 1987A and the Plateau Phase

100

NS 1987A in SN1987A
Page, Dany; Beznogov, Mikhail V.; Garibay, Iván; Lattimer, James M.; Prakash, Madappa; Janka, Hans-Thomas
2020ApJ...898..125P

NS 1987A:

luminosity inferred from the

"blob" luminosity.

Each panel corresponds to

different assumptions about

the core: EOS, mass, pairing.

Within panels:

each color corresponds to a

different thickness of the 

light elements layer. 

Within each color:

each line corresponds to

different assumptions 

about neutron 1S0 superfluidity

in the inner crust.

https://ui.adsabs.harvard.edu/abs/2020ApJ...898..125P/abstract


101



101



102


