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|✓| . 10�10 from neutron EDM

• Strong CP problem


The most serious fine-tuning problem in the SM.

It cannot be explained even by the anthropic discussion.
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eFaµ⌫ , ✓ = ✓ + arg detmq

|✓| . 10�10 from neutron EDM

• Strong CP problem


• It can be solved by the PQ mechanism, [Peccei, Quinn,’77] 

predicting a very light particle, Axion. [Weinberg,’78, Wilczek,’78]


• Moreover, Axion can be the Dark Matter.

[Turner,’86]
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Summary of Part 1: Flaxion

U(1)FN = U(1)PQ

�6



We proposed a new model (scenario) that explains

the hierarchical flavor structure of quarks/leptons,
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and solves the strong CP problem,
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|✓| . 10�10 Why?from neutron EDM

and includes DM, Leptogenesis, and Inflation. �7

Summary of Part 1: Flaxion
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A simple possibility:

a spontaneously broken global U(1) symmetry. [Froggatt-Nielsen,’79]

up-type quark

Yukawa couplings

in the Standard Model
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A simple possibility:

a spontaneously broken global U(1) symmetry. [Froggatt-Nielsen,’79]
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Our setup:

where

We also introduce

2 or 3 right-handed neutrinos.

A simple possibility:

a spontaneously broken global U(1) symmetry. [Froggatt-Nielsen,’79]
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Then, Quark mass hierarchy as well as CKM angles are naturally 
explained as e.g.,
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Standard Model

Quark and lepton

mass hierarchy
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Standard Model
+ one complex scalar


with U(1)F
Quark and lepton

mass hierarchy

and mixings.

Neutrino 

masses

and mixings. + 2 (or 3) 
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Our setup:

can explain the quark and lepton mass hierarchy and mixings.
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OK, but………… What’s new?

Froggatt-Nielsen paper was in 1979…… 
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POINT:  The global, spontaneously broken U(1) flavor 
symmetry is anomalous under SU(3)C, which means…

the Peccei-Quinn mechanism (to solve the strong 
CP problem) is automatically included:


U(1)F = U(1)PQ !!  “Flaxion”
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* As far as we know, this simple realization has not been studied explicitly before. 


cf. related earlier works, Wilczek,’82, Geng-Ng,’89, Berezhiani-Khlopov,’91, 
Babu-Barr,’92, Albrecht et.al.,’10, Fong-Nardi,’13, Ahn,’14,’16, Celis et.al.,’14,….. 



�16

arXiv:1612.08040
10.1103/PhysRevD.95.095009
The Axiflavon
Authors: Lorenzo Calibbi, Florian Goertz, Diego Redigolo, Robert Ziegler, Jure Zupan

arXiv:1612.05492
10.1007/JHEP01(2017)096
Flaxion: a minimal extension to solve puzzles in the standard model
Authors: Yohei Ema, Koichi Hamaguchi, Takeo Moroi, Kazunori Nakayama

https://arxiv.org/abs/1612.08040
https://doi.org/10.1103/PhysRevD.95.095009
https://arxiv.org/search/?searchtype=author&query=Calibbi%2C+L
https://arxiv.org/search/?searchtype=author&query=Goertz%2C+F
https://arxiv.org/search/?searchtype=author&query=Redigolo%2C+D
https://arxiv.org/search/?searchtype=author&query=Ziegler%2C+R
https://arxiv.org/search/?searchtype=author&query=Zupan%2C+J
https://arxiv.org/abs/1612.05492
https://doi.org/10.1007/JHEP01(2017)096
https://arxiv.org/search/?searchtype=author&query=Ema%2C+Y
https://arxiv.org/search/?searchtype=author&query=Hamaguchi%2C+K
https://arxiv.org/search/?searchtype=author&query=Moroi%2C+T
https://arxiv.org/search/?searchtype=author&query=Nakayama%2C+K


�16

* And many related works recently…, including (just showing some of them):


T. Higaki, M. Nishida, and N. Takeda, [1611.04322].

K. Choi, S. H. Im, C. B. Park, S. Yun. [1708.00021]. 


F. Arias1-Aragon and L. Merlo, [1709.07039]. 

D. Suematsu, [1709.07607 + 1809.06563]. 


F. Björkeroth, E. J. Chun, and S. F. King, [1711.05741 + 1806.00660].

L. Di Luzio, F. Mescia, E. Nardi, P. Panci, R. Ziegler. [1712.04940].


Y. H. Ahn, [1802.05044 + 1804.06988].

M. Linster, R. Ziegler [1805.07341].


M. Reig, J. W. Valle, F. Wilczek [1805.08048].

T. Alanne, S. Blasi, F. Goertz [1807.10156].


Q. Bonnefoy, E. Dudas [1809.08256].

F. Björkeroth, L. Di Luzio, F. Mescia, E. Nardi. [1811.09637].


M.B. Gavela, R. Houtz, P. Quilez, R. Del Rey, O. Sumensari. [1901.02031]

etc etc…

arXiv:1612.08040
10.1103/PhysRevD.95.095009
The Axiflavon
Authors: Lorenzo Calibbi, Florian Goertz, Diego Redigolo, Robert Ziegler, Jure Zupan

arXiv:1612.05492
10.1007/JHEP01(2017)096
Flaxion: a minimal extension to solve puzzles in the standard model
Authors: Yohei Ema, Koichi Hamaguchi, Takeo Moroi, Kazunori Nakayama

https://arxiv.org/abs/1612.08040
https://doi.org/10.1103/PhysRevD.95.095009
https://arxiv.org/search/?searchtype=author&query=Calibbi%2C+L
https://arxiv.org/search/?searchtype=author&query=Goertz%2C+F
https://arxiv.org/search/?searchtype=author&query=Redigolo%2C+D
https://arxiv.org/search/?searchtype=author&query=Ziegler%2C+R
https://arxiv.org/search/?searchtype=author&query=Zupan%2C+J
https://arxiv.org/abs/1612.05492
https://doi.org/10.1007/JHEP01(2017)096
https://arxiv.org/search/?searchtype=author&query=Ema%2C+Y
https://arxiv.org/search/?searchtype=author&query=Hamaguchi%2C+K
https://arxiv.org/search/?searchtype=author&query=Moroi%2C+T
https://arxiv.org/search/?searchtype=author&query=Nakayama%2C+K


�16

* And many related works recently…, including (just showing some of them):


T. Higaki, M. Nishida, and N. Takeda, [1611.04322].

K. Choi, S. H. Im, C. B. Park, S. Yun. [1708.00021]. 


F. Arias1-Aragon and L. Merlo, [1709.07039]. 

D. Suematsu, [1709.07607 + 1809.06563]. 


F. Björkeroth, E. J. Chun, and S. F. King, [1711.05741 + 1806.00660].

L. Di Luzio, F. Mescia, E. Nardi, P. Panci, R. Ziegler. [1712.04940].


Y. H. Ahn, [1802.05044 + 1804.06988].

M. Linster, R. Ziegler [1805.07341].


M. Reig, J. W. Valle, F. Wilczek [1805.08048].

T. Alanne, S. Blasi, F. Goertz [1807.10156].


Q. Bonnefoy, E. Dudas [1809.08256].

F. Björkeroth, L. Di Luzio, F. Mescia, E. Nardi. [1811.09637].


M.B. Gavela, R. Houtz, P. Quilez, R. Del Rey, O. Sumensari. [1901.02031]

etc etc…

arXiv:1612.08040
10.1103/PhysRevD.95.095009
The Axiflavon
Authors: Lorenzo Calibbi, Florian Goertz, Diego Redigolo, Robert Ziegler, Jure Zupan

arXiv:1612.05492
10.1007/JHEP01(2017)096
Flaxion: a minimal extension to solve puzzles in the standard model
Authors: Yohei Ema, Koichi Hamaguchi, Takeo Moroi, Kazunori Nakayama

See the
 talk 


by E. J.
 Chun.

https://arxiv.org/abs/1612.08040
https://doi.org/10.1103/PhysRevD.95.095009
https://arxiv.org/search/?searchtype=author&query=Calibbi%2C+L
https://arxiv.org/search/?searchtype=author&query=Goertz%2C+F
https://arxiv.org/search/?searchtype=author&query=Redigolo%2C+D
https://arxiv.org/search/?searchtype=author&query=Ziegler%2C+R
https://arxiv.org/search/?searchtype=author&query=Zupan%2C+J
https://arxiv.org/abs/1612.05492
https://doi.org/10.1007/JHEP01(2017)096
https://arxiv.org/search/?searchtype=author&query=Ema%2C+Y
https://arxiv.org/search/?searchtype=author&query=Hamaguchi%2C+K
https://arxiv.org/search/?searchtype=author&query=Moroi%2C+T
https://arxiv.org/search/?searchtype=author&query=Nakayama%2C+K


�17

� = 1p
2
('+ ia)

flavon axion

Flaxion



�17

� = 1p
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flavon axion

Flaxion

(1) Strong CP problem is solved by the PQ mechanism.  

 [Peccei-Quinn,’77]
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a (In the example before, NDW = 26.)
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(1) Strong CP problem is solved by the PQ mechanism.  


(2) The axion can be the dark matter.

� = 1p
2
('+ ia)

flavon axion

Flaxion

[Turner,’86]
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(1) Strong CP problem is solved by the PQ mechanism.  


(2) The axion can be the dark matter.
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2
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flavon axion

Flaxion

Any new prediction?
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(1) Strong CP problem is solved by the PQ mechanism.  


(2) The axion can be the dark matter.

� = 1p
2
('+ ia)

flavon axion

Flaxion

Any new prediction?

(3) Characteristic flavor-changing signals 
are predicted.

……Yes!

[cf. Wilczek,’82]
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(3) Characteristic flavor-changing signals.

They are not simultaneously diagonalized.

-> flavor changing processes.

The most stringent bound comes from K+ -> 𝜋+ a.
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CERN NA62 experiment can improve the sensitivity !!

[BNL-E787, E949]
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Other constraints?

• K+ → π+ a  


• 𝜇 → e a 𝛾 

• SN1987A 

• cooling of the white dwarf stars. (gaee)
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Standard Model
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+ 2 (or 3) 
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 Flaxion Scenario 

Quark and lepton

mass hierarchy
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masses
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Standard Model
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K → π a  

What about 


the real part?
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Standard Model
+ one complex scalar


with U(1)F = U(1)PQ

+ 2 (or 3) 

right-handed 

neutrinos.

flavon axion

 Flaxion Scenario 

Quark and lepton

mass hierarchy

and mixings.

Strong CP
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Flaxion Inflation:
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Flaxion Inflation:

 Curvature fluctuation:

P = 2.2 x 10-9 [Planck,’15] is reproduced 

for           and                  (consistent with flaxion DM.)�� . 1 ⇤ & 1013GeV
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Flaxion Inflation:

 Curvature fluctuation:

 (ns, r) is in the Planck best-fit region.
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Flaxion Inflation:

 Curvature fluctuation:

 (ns, r) is in the Planck best-fit region.

The U(1) symmetry is never restored -> No Domain wall.
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Flaxion Inflation:

 Curvature fluctuation:

 (ns, r) is in the Planck best-fit region.

The U(1) symmetry is never restored -> No Domain wall.

 Isocurvature fluctuation is suppressed.
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Flaxion Inflation:

 Curvature fluctuation:

 (ns, r) is in the Planck best-fit region.

The U(1) symmetry is never restored -> No Domain wall.

 Isocurvature fluctuation is suppressed.

 Reheating temperature is high enough for Leptgenesis.

v� < ⇤ <
p
2v�

L = � |@�|2

(1� |�|2/⇤2)2
� ��

�
|�|2 � v2�

�2
canonical field e' :

'p
2⇤

⌘ tanh

✓
e'p
2⇤

◆

("strong washout”)(TR ≃ 1012 - 1014 GeV)
More on this later.
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Flaxion Inflation: Reheating and Leptogenesis


Inflaton partial decay rate into RHNs,


                                     .

Reheating is completed almost instantaneously.


Reheating temperature

 TR ⇠ 1012 � 1014GeV.

≫
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Flaxion Inflation: Reheating and Leptogenesis


… and thermal leptogenesis  [Fukugita-Yanagida,’86]

can work successfully for mN1 ≃ O(1012) GeV !


In more details,…


Final baryon asymmetry:


Asymmetry parameter:


Effective neutrino mass: 


-> Efficiency factor 


Altogether, observed asymmetry nB/s ≃ 0.9 x 10-10 can be 
obtained for mN1 ≃ O(1012) GeV, corresponding to 

(strong washout region)
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K → π a 
[BNL-E787, 949]  CERN-NA62
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renormalizable int.

-> Higgs mass

�40

Comment

 Supersymmetric Flaxion 
Y. Ema, D. Hagihara, KH, T. Moroi, K. Nakayama, [arXiv:1802.07739]

Motivation: fine-tuning in Higgs sector.

-> Supersymmetrize it!

http://arxiv.org/abs/1802.07739
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supersymmetric version

・Cosmology becomes nontrivial. 

     Leptogenesis vs gravitino problem, sflaxion oscillation,…


・R-parity violation (controlled by U(1) charges)


・Inflation model vs holomorphy,… 


  —> Viable scenario is possible. See [arXiv:1802.07739] for details.

Comment

 Supersymmetric Flaxion 
Y. Ema, D. Hagihara, KH, T. Moroi, K. Nakayama, [arXiv:1802.07739]

μ-term

http://arxiv.org/abs/1802.07739
http://arxiv.org/abs/1802.07739
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Part 2. Axion and Neutron Star

KH, N. Nagata, K. Yanagi, J. Zheng, [arXiv:1806.07151]

http://arxiv.org/abs/1806.07151
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Conventional Models 


• KSVZ axion model [Kim,’79, Shifman, Vainshtein, Zakharov,’80]


• DFSZ axion model [Dine, Fischler, Srednicki,’81, Zhitnitski,’80]


 


L = |@�|2 + (��Q̄Q+ h.c.)� V (|�|)
• Q, Q̄ : heavy vector-like quarks
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cf. Flaxion model 

[Ema, Hamaguchi, Moroi, Nakayama,’16,   Calibbi, Goertz, Redigolo, Ziegler, Zupan,’16]
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The following

discussion (Part 2)

applies to them.

cf. Part 1.

(In this case, K->πa is stronger than NS constraint.)
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Axion: constraints

fa & 4⇥ 108 GeV (KSVZ)
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Cassiopeia A
•  What?   Supernova remnant (SNR)
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Cassiopeia A
•  What?   Supernova remnant (SNR)

•  Where?   

 In the constellation Cassiopeia.

 3.4 +0.3-0.1 kpc away [J.E.Reed et.al. ’95] , within the Milky Way.
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Cassiopeia A
•  What?   Supernova remnant (SNR)

•  Where?   

 In the constellation Cassiopeia.

 3.4 +0.3-0.1 kpc away [J.E.Reed et.al. ’95] , within the Milky Way.


•  When?


 Explosion (light reached Earth) about 340 years ago.


 - Remnant expansion suggests explosion dates of 1681 ± 19. [R.A.Fesen, et.al., ’06]


  - Cas A may be identical to the star 

   3 Cassiopeia, which was recorded 

   by J. Flamsteed on August 16, 1680

   and has been missed since then.

       [W. B. Ashworth, Jr. (1980); K. W. Kamper (1980); D. W. Hughes (1980).]
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Cas A Neutron Star

images from Chandra’s webpage

Chandra

• In 1999, Chandra found a point source at the center of Cas A. 

•X-ray spectrum is consistent with a thermal emission of 
Neutron Star with a carbon atmosphere, mass M = (1.4±0.3) 
Msun, and radius R = (11-13) km. 


[W.C.G.Ho, C.O.Heinke, ’09], [W.C.G.Ho, K.G.Elshamouty, C.O.Heinke, A.Y.Potekhin, ’14].


• and,…..



Cas A NS Cooling
•The Cooling is directly observed! 


Cas A NS is the only isolated NS whose cooling has been observed in real time.

The Astrophysical Journal Letters, 719:L167–L171, 2010 August 20 doi:10.1088/2041-8205/719/2/L167
C⃝ 2010. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

DIRECT OBSERVATION OF THE COOLING OF THE CASSIOPEIA A NEUTRON STAR

Craig O. Heinke1 and Wynn C. G. Ho2
1 Department of Physics, University of Alberta, Room 238 CEB, Edmonton, AB T6G 2G7, Canada; heinke@ualberta.ca

2 School of Mathematics, University of Southampton, Southampton SO17 1BJ, UK; wynnho@slac.stanford.edu
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ABSTRACT

The cooling rate of young neutron stars (NSs) gives direct insight into their internal makeup. Although the
temperatures of several young NSs have been measured, until now a young NS has never been observed to decrease
in temperature over time. We fit nine years of archival Chandra ACIS spectra of the likely NS in the ∼330 yr old
Cassiopeia A supernova remnant with our non-magnetic carbon atmosphere model. Our fits show a relative decline
in the surface temperature by 4% (5.4σ , from (2.12±0.01)×106 K in 2000 to (2.04±0.01)×106 K in 2009) and the
observed flux by 21%. Using a simple model for NS cooling, we show that this temperature decline could indicate
that the NS became isothermal sometime between 1965 and 1980, and constrains some combinations of neutrino
emission mechanisms and envelope compositions. However, the NS is likely to have become isothermal soon after
formation, in which case the temperature history suggests episodes of additional heating or more rapid cooling.
Observations over the next few years will allow us to test possible explanations for the temperature evolution.

Key words: dense matter – neutrinos – pulsars: general – stars: neutron – supernovae: individual (Cassiopeia A) –
X-rays: stars

Online-only material: color figures

1. INTRODUCTION

The internal composition and structure of neutron stars (NSs)
remain unclear (e.g., Lattimer & Prakash 2004). Areas of
uncertainty include whether exotic condensates occur in the
NS core, the symmetry energy and thus proton fraction in the
core, the behavior of superfluidity among neutrons and protons,
the conductivity of the NS crust, and the chemical composition
of the outer envelope. NSs are heated to billions of degrees
during supernovae and cooled via a combination of neutrino
and photon emission. Observing the cooling rates of young
NSs is a critical method to constrain the uncertainties (see
Tsuruta 1998; Yakovlev & Pethick 2004; Page et al. 2006 for
reviews).

To date, observations of young cooling NSs have been
restricted to measuring the temperature of individual NSs
at one point in time. As NSs may differ in their masses,
envelope compositions, etc., a measurement of the cooling rate
of a young NS is needed to determine its cooling trajectory.
Since neutrino radiation (rather than the observed photon
radiation) is the dominant source of cooling during the first
∼105 years, measurements of cooling rates during this time
require measuring a temperature decline over time. No young
NS has previously been observed to cool steadily over time.
Though the ∼106 year old NS RX J0720.4−3125 has shown
temperature variations of ∼10% over ≈ 7 years (de Vries et al.
2004; Hohle et al. 2009), this variation is ascribed to either a
glitch-like event or precession of surface hot spots (Haberl et al.
2006; van Kerkwijk et al. 2007; Hohle et al. 2009). Magnetars,
such as 4U 0142+61, have shown temperature variations, along
with changes in their pulsed fraction and pulse profile (Dib et al.
2007), but these are likely due to magnetic field reconfiguration
events.

The compact central object at the center of the Cassiopeia A
(Cas A) supernova remnant was discovered in Chandra’s first-
light observations (Tananbaum 1999) and quickly identified
as a likely NS, which we assume here. It is presently the
youngest-known NS, as the remnant’s estimated age is ≈ 330 yr

(Fesen et al. 2006). It is relatively close-by (d = 3.4+0.3
−0.1 kpc;

Reed et al. 1995) and the supernova remnant has been well
studied, with over a megasecond of Chandra ACIS observations
spread over 10 years (Hwang et al. 2004; DeLaney et al.
2004; Patnaude & Fesen 2007, 2009). However, its spectrum
(modeled as a blackbody or a magnetic or non-magnetic
hydrogen atmosphere) was inconsistent with emission from the
full surface of the NS (Pavlov et al. 2000; Chakrabarty et al.
2001; Pavlov & Luna 2009). Timing investigations using the
Chandra High Resolution Camera (HRC) and XMM-Newton
have failed to identify pulsations down to a pulsed fraction
level of <12% (Murray et al. 2002; Mereghetti et al. 2002;
Ransom 2002; Halpern & Gotthelf 2010), indicating that the
emission is probably from the entire surface. These apparently
contradictory observations are reconciled by the discovery that
an unmagnetized (B < 1011 G) carbon atmosphere provides a
good fit to the Chandra ACIS data, with the emission arising
from the entire surface of the Cas A NS (Ho & Heinke 2009).

Pavlov et al. (2004) examined two long ACIS observations
(50 ks each) of the Cas A NS from 2000 and 2002, along
with several short (2.5 ks) calibration observations, finding no
significant changes in flux. Upon re-examination of archival
Einstein and ROSAT data, the NS was only barely detected
and thus could not be used to search for variability (Pavlov
et al. 2000). Pavlov & Luna (2009) mention that the flux
measured in their 2006 observation is slightly lower than that
reported previously, but do not attempt to determine whether
the difference is real. Before Ho & Heinke (2009), it was not
expected that the emission arises from the entire surface of the
NS, so further serious searches for temperature variations were
not undertaken. Here, we utilize the full Chandra ACIS archive
of Cas A NS observations to measure the temperature changes
from 2000 to 2009.

2. X-RAY ANALYSIS

We analyzed all Chandra ACIS-S exposures without grat-
ings, longer than 5 ks of Cas A, listed in Table 1. We also
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•The Cooling is directly observed! 


Cas A NS is the only isolated NS whose cooling has been observed in real time.
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• The observed Cas A NS cooling 

can be explained within 

the standard NS cooling scenario.


• Neutron superfluidity plays a key role.

(also proton superconductivity) 
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<latexit sha1_base64="PTyyui4Od7hRvhkzNub2/aurvTU="></latexit><latexit sha1_base64="PTyyui4Od7hRvhkzNub2/aurvTU="></latexit><latexit sha1_base64="PTyyui4Od7hRvhkzNub2/aurvTU="></latexit><latexit sha1_base64="PTyyui4Od7hRvhkzNub2/aurvTU="></latexit>

T ⌧ pF
<latexit sha1_base64="jFg8a8ipEzHlUAUeDW46oUG6M5A="></latexit><latexit sha1_base64="jFg8a8ipEzHlUAUeDW46oUG6M5A="></latexit><latexit sha1_base64="jFg8a8ipEzHlUAUeDW46oUG6M5A="></latexit><latexit sha1_base64="jFg8a8ipEzHlUAUeDW46oUG6M5A="></latexit>

※ Neutron, proton, electron

are all Fermi degenerate.
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<latexit sha1_base64="FW94Ffutrdq8w4NnD1SUqD2PkQ8="></latexit><latexit sha1_base64="FW94Ffutrdq8w4NnD1SUqD2PkQ8="></latexit><latexit sha1_base64="FW94Ffutrdq8w4NnD1SUqD2PkQ8="></latexit><latexit sha1_base64="FW94Ffutrdq8w4NnD1SUqD2PkQ8="></latexit>

Cas A NS Cooling (theory)

8
>>>>>>>>>><

>>>>>>>>>>:
<latexit sha1_base64="lLdI/iGhNs/gTgXG+UgDHeLa0AY="></latexit><latexit sha1_base64="lLdI/iGhNs/gTgXG+UgDHeLa0AY="></latexit><latexit sha1_base64="lLdI/iGhNs/gTgXG+UgDHeLa0AY="></latexit><latexit sha1_base64="lLdI/iGhNs/gTgXG+UgDHeLa0AY="></latexit>

NS temperature evolution

• Direct Urca


• Modified Urca


• Bremsstrahlung


• (PBF) We neglect it for the moment. 

(more on this later)
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Cas A NS Cooling (theory)
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<latexit sha1_base64="lLdI/iGhNs/gTgXG+UgDHeLa0AY="></latexit><latexit sha1_base64="lLdI/iGhNs/gTgXG+UgDHeLa0AY="></latexit><latexit sha1_base64="lLdI/iGhNs/gTgXG+UgDHeLa0AY="></latexit><latexit sha1_base64="lLdI/iGhNs/gTgXG+UgDHeLa0AY="></latexit>

NS temperature evolution

• Direct Urca


• Modified Urca


• Bremsstrahlung


• (PBF)
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Cas A NS Cooling (theory)
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NS temperature evolution

• Direct Urca


• Modified Urca


• Bremsstrahlung


• (PBF)

/ T 8
<latexit sha1_base64="8/WUi1gPou3h7rqlKhZjq9fePUg="></latexit><latexit sha1_base64="8/WUi1gPou3h7rqlKhZjq9fePUg="></latexit><latexit sha1_base64="8/WUi1gPou3h7rqlKhZjq9fePUg="></latexit><latexit sha1_base64="8/WUi1gPou3h7rqlKhZjq9fePUg="></latexit>
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Cas A NS Cooling (theory)
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NS temperature evolution

• Direct Urca


• Modified Urca


• Bremsstrahlung


• (PBF)

/ T 8
<latexit sha1_base64="8/WUi1gPou3h7rqlKhZjq9fePUg="></latexit><latexit sha1_base64="8/WUi1gPou3h7rqlKhZjq9fePUg="></latexit><latexit sha1_base64="8/WUi1gPou3h7rqlKhZjq9fePUg="></latexit><latexit sha1_base64="8/WUi1gPou3h7rqlKhZjq9fePUg="></latexit>
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<latexit sha1_base64="Abc6oj6iMjebCesfdkCOc69ujcU="></latexit><latexit sha1_base64="Abc6oj6iMjebCesfdkCOc69ujcU="></latexit><latexit sha1_base64="Abc6oj6iMjebCesfdkCOc69ujcU="></latexit><latexit sha1_base64="Abc6oj6iMjebCesfdkCOc69ujcU="></latexit>
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Cas A NS Cooling (theory)
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<latexit sha1_base64="lLdI/iGhNs/gTgXG+UgDHeLa0AY="></latexit><latexit sha1_base64="lLdI/iGhNs/gTgXG+UgDHeLa0AY="></latexit><latexit sha1_base64="lLdI/iGhNs/gTgXG+UgDHeLa0AY="></latexit><latexit sha1_base64="lLdI/iGhNs/gTgXG+UgDHeLa0AY="></latexit>

NS temperature evolution

• Direct Urca


• Modified Urca


• Bremsstrahlung


• (PBF)

/ T 8
<latexit sha1_base64="8/WUi1gPou3h7rqlKhZjq9fePUg="></latexit><latexit sha1_base64="8/WUi1gPou3h7rqlKhZjq9fePUg="></latexit><latexit sha1_base64="8/WUi1gPou3h7rqlKhZjq9fePUg="></latexit><latexit sha1_base64="8/WUi1gPou3h7rqlKhZjq9fePUg="></latexit>
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<latexit sha1_base64="Abc6oj6iMjebCesfdkCOc69ujcU="></latexit><latexit sha1_base64="Abc6oj6iMjebCesfdkCOc69ujcU="></latexit><latexit sha1_base64="Abc6oj6iMjebCesfdkCOc69ujcU="></latexit><latexit sha1_base64="Abc6oj6iMjebCesfdkCOc69ujcU="></latexit>

=) T / t�1/6
<latexit sha1_base64="8ArQqadWNG/sViX9LrZF5Kf7dzc="></latexit><latexit sha1_base64="8ArQqadWNG/sViX9LrZF5Kf7dzc="></latexit><latexit sha1_base64="8ArQqadWNG/sViX9LrZF5Kf7dzc="></latexit><latexit sha1_base64="8ArQqadWNG/sViX9LrZF5Kf7dzc="></latexit>
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Cas A NS Cooling (theory)
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<latexit sha1_base64="lLdI/iGhNs/gTgXG+UgDHeLa0AY="></latexit><latexit sha1_base64="lLdI/iGhNs/gTgXG+UgDHeLa0AY="></latexit><latexit sha1_base64="lLdI/iGhNs/gTgXG+UgDHeLa0AY="></latexit><latexit sha1_base64="lLdI/iGhNs/gTgXG+UgDHeLa0AY="></latexit>

NS temperature evolution

• Direct Urca


• Modified Urca


• Bremsstrahlung


• (PBF)

/ T 8
<latexit sha1_base64="8/WUi1gPou3h7rqlKhZjq9fePUg="></latexit><latexit sha1_base64="8/WUi1gPou3h7rqlKhZjq9fePUg="></latexit><latexit sha1_base64="8/WUi1gPou3h7rqlKhZjq9fePUg="></latexit><latexit sha1_base64="8/WUi1gPou3h7rqlKhZjq9fePUg="></latexit>

/ T
<latexit sha1_base64="Abc6oj6iMjebCesfdkCOc69ujcU="></latexit><latexit sha1_base64="Abc6oj6iMjebCesfdkCOc69ujcU="></latexit><latexit sha1_base64="Abc6oj6iMjebCesfdkCOc69ujcU="></latexit><latexit sha1_base64="Abc6oj6iMjebCesfdkCOc69ujcU="></latexit>

=) T / t�1/6
<latexit sha1_base64="8ArQqadWNG/sViX9LrZF5Kf7dzc="></latexit><latexit sha1_base64="8ArQqadWNG/sViX9LrZF5Kf7dzc="></latexit><latexit sha1_base64="8ArQqadWNG/sViX9LrZF5Kf7dzc="></latexit><latexit sha1_base64="8ArQqadWNG/sViX9LrZF5Kf7dzc="></latexit>

For Cas A NS observation,
(
t ' 330 yrs

�t ' 10 yrs

=) �T
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<latexit sha1_base64="O3jTtjQdJbWHqKOkY8wwDiYWrQE="></latexit><latexit sha1_base64="O3jTtjQdJbWHqKOkY8wwDiYWrQE="></latexit><latexit sha1_base64="O3jTtjQdJbWHqKOkY8wwDiYWrQE="></latexit><latexit sha1_base64="O3jTtjQdJbWHqKOkY8wwDiYWrQE="></latexit>
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Cas A NS Cooling (theory)

8
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NS temperature evolution

• Direct Urca


• Modified Urca


• Bremsstrahlung


• (PBF)

/ T 8
<latexit sha1_base64="8/WUi1gPou3h7rqlKhZjq9fePUg="></latexit><latexit sha1_base64="8/WUi1gPou3h7rqlKhZjq9fePUg="></latexit><latexit sha1_base64="8/WUi1gPou3h7rqlKhZjq9fePUg="></latexit><latexit sha1_base64="8/WUi1gPou3h7rqlKhZjq9fePUg="></latexit>
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<latexit sha1_base64="Abc6oj6iMjebCesfdkCOc69ujcU="></latexit><latexit sha1_base64="Abc6oj6iMjebCesfdkCOc69ujcU="></latexit><latexit sha1_base64="Abc6oj6iMjebCesfdkCOc69ujcU="></latexit><latexit sha1_base64="Abc6oj6iMjebCesfdkCOc69ujcU="></latexit>

=) T / t�1/6
<latexit sha1_base64="8ArQqadWNG/sViX9LrZF5Kf7dzc="></latexit><latexit sha1_base64="8ArQqadWNG/sViX9LrZF5Kf7dzc="></latexit><latexit sha1_base64="8ArQqadWNG/sViX9LrZF5Kf7dzc="></latexit><latexit sha1_base64="8ArQqadWNG/sViX9LrZF5Kf7dzc="></latexit>

For Cas A NS observation,
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�t ' 10 yrs
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<latexit sha1_base64="O3jTtjQdJbWHqKOkY8wwDiYWrQE="></latexit><latexit sha1_base64="O3jTtjQdJbWHqKOkY8wwDiYWrQE="></latexit><latexit sha1_base64="O3jTtjQdJbWHqKOkY8wwDiYWrQE="></latexit><latexit sha1_base64="O3jTtjQdJbWHqKOkY8wwDiYWrQE="></latexit>

surface temperature
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����
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⇠ 0.3% !!

<latexit sha1_base64="UPS6uI+6TORpaKDib+8UoNUXf2A="></latexit><latexit sha1_base64="UPS6uI+6TORpaKDib+8UoNUXf2A="></latexit><latexit sha1_base64="UPS6uI+6TORpaKDib+8UoNUXf2A="></latexit><latexit sha1_base64="UPS6uI+6TORpaKDib+8UoNUXf2A="></latexit>
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Cas A NS Cooling (theory)
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NS temperature evolution

• Direct Urca


• Modified Urca


• Bremsstrahlung


• (PBF)
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<latexit sha1_base64="O3jTtjQdJbWHqKOkY8wwDiYWrQE="></latexit><latexit sha1_base64="O3jTtjQdJbWHqKOkY8wwDiYWrQE="></latexit><latexit sha1_base64="O3jTtjQdJbWHqKOkY8wwDiYWrQE="></latexit><latexit sha1_base64="O3jTtjQdJbWHqKOkY8wwDiYWrQE="></latexit>
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aaa

surface 

temperature 

(observed)

internal temperature

Ts ⇠ T↵ (↵ ⇠ 0.5)
<latexit sha1_base64="v1RONUYtbTEFpPJ/YrS+P36Z6W4="></latexit><latexit sha1_base64="v1RONUYtbTEFpPJ/YrS+P36Z6W4="></latexit><latexit sha1_base64="v1RONUYtbTEFpPJ/YrS+P36Z6W4="></latexit><latexit sha1_base64="v1RONUYtbTEFpPJ/YrS+P36Z6W4="></latexit>

NS surface is insulated from 
the hot interior by its envelope.

⌘ = g214�M/M

�M : mass of light elements

g14 : surface gravity in units of 1014cm/s2
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• Direct Urca
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• Bremsstrahlung
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NS temperature evolution

• Direct Urca


• Modified Urca


• Bremsstrahlung


• PBF

• At T < Tc, Cooper pairing occurs.


 neutron singlet (1S0) 

 neutron triplet (3P2)

 proton singlet (1S0)


•  M.Urca and Brems. are suppressed then.


•  On the other hand, a new process,

 Cooper pair breaking and formation (PBF),

 is enhanced.

T > Tc T < Tc

Figs. from Page et.al. 1302.6626
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Effective only in a short period


•  At T > Tc, no paring.


•  At T << Tc, no pair breaking.


It triggers a sudden cooling 

at around T = Tc.

Figs. from Page et.al. 1302.6626
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Cas A NS Cooling (theory)

phase transition 

T = Tc sudden, rapid cooling


by PBF process.

•  Neutron triplet (n-3P2) PBF is dominant.


•  Large uncertainty in n-3P2 gap.


-> Parameters 

(in particular, Tc) 

are adjusted

to fit the data.



• The observed Cas A NS cooling can be explained 

within the standard NS Cooling.


• Neutron superfluidity (and proton superconductivity) 
play key roles.
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Rapid Cooling of the Neutron Star in Cassiopeia ATriggered
by Neutron Superfluidity in Dense Matter
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We propose that the observed cooling of the neutron star in Cassiopeia A is due to enhanced neutrino

emission from the recent onset of the breaking and formation of neutron Cooper pairs in the 3P2 channel.

We find that the critical temperature for this superfluid transition is ’ 0:5! 109 K. The observed rapidity

of the cooling implies that protons were already in a superconducting state with a larger critical

temperature. This is the first direct evidence that superfluidity and superconductivity occur at supranuclear

densities within neutron stars. Our prediction that this cooling will continue for several decades at the

present rate can be tested by continuous monitoring of this neutron star.

DOI: 10.1103/PhysRevLett.106.081101 PACS numbers: 97.60.Jd, 95.30.Cq, 26.60."c

The neutron star in Cassiopeia A (Cas A), discovered in
1999 in the Chandra first light observation [1] targeting the
supernova remnant, is the youngest known in the Milky
Way. An association with the historical supernova SN 1680
[2] gives Cas A an age of 330 yr, in agreement with its
kinematic age [3]. The distance to the remnant is estimated
to be 3:4þ0:3

"0:1 kpc [4]. The thermal soft x-ray spectrum of
Cas A is well fit by a nonmagnetized carbon atmosphere
model, with a surface temperature of 2! 106 K and
an emitting radius of 8–17 km [5]. These results raise
Cas A to the rank of the very few isolated neutron stars
with a well determined age and a reliable surface tempera-
ture, thus allowing for detailed modeling of its thermal
evolution and the determination of its interior proper-
ties [6].

Analyzing archival data from 2000–2009, Heinke and
Ho [7] recently reported that Cas A’s surface temperature
has rapidly decreased from 2:12! 106 to 2:04! 106 K
[8,9]. This rate of cooling is significantly larger than ex-
pected from the modified Urca (‘‘MU’’) process [10,11] or
a medium modified Urca [12]. It is also unlikely to be due
to any of the fast neutrino (!) emission processes (such as
direct Urca processes from nucleons or hyperons, or !
emission from Bose condensates or gapless quark matter)
since the visible effects of those become apparent over
the thermal relaxation time scale of the crust [13]; i.e.,
30–100 yr, much earlier than the age of Cas A, and exhibit
a slow evolution at later times. We interpret Cas A’s
cooling within the ‘‘minimal cooling’’ paradigm [14] and
suggest it is due to the recent triggering of enhanced
neutrino emission resulting from the neutron 3P2 pairing
in the star’s core. Our numerical calculations and analytical
analysis imply a critical temperature TC ’ 0:5! 109 K for
the triplet neutron superfluidity.

The essence of the minimal cooling paradigm is the
a priori exclusion of all fast !-emission mechanisms,
thus restricting ! emission to the ‘‘standard’’ MU process
and nucleon bremsstrahlung processes [11]. However, ef-
fects of pairing, i.e., neutron superfluidity and/or proton
superconductivity, are included. At temperatures just be-
low the critical temperature Tc of a pairing phase transi-
tion, the continuous breaking and formation of Cooper
pairs [15], referred to as the ‘‘PBF’’ process, results in
an enhanced neutrino emission. Calculations of Tc for
neutrons, Tcn, in the 3P2 channel relevant for neutron star
cores, are uncertain due to unsettled interactions [16] and
medium effects which can either strongly suppress or
increase the pairing [17]. Consequently, predictions range
from vanishingly small to almost 1011 K [14]. The pairing
gap is density (") dependent, and the resulting Tcnð"Þ
commonly exhibits a bell-shaped density profile.
Assuming the neutron star has an isothermal core at tem-
perature T, the phase transition will start when T reaches,
at some location in the star, the maximum value of Tcnð"Þ:
TC & maxTcnð"Þ. At that stage, neutrons in a thick shell go
through the phase transition and as T decreases, this shell
splits into two shells which slowly drift toward the lower
and higher density regions away from the maximum of the
bell-shaped profile. If the neutron 3P2 gap has the appro-
priate size, ! emission from the PBF process is an order of
magnitude more efficient than the MU process (see Fig. 20
of [14] or Fig. 2 of [18]).
Implications of the size of the neutron 3P2 pairing

gap were considered in [19] with the result that, for
TC < 109 K, a neutron star would go through the pairing
phase transition at ages ranging from hundreds to tens
of thousands of years, accompanied by a short phase of
rapid cooling. This phenomenon, illustrated in Fig. 6 of
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ABSTRACT
According to recent results of Ho & Heinke, the Cassiopeia A supernova remnant con-
tains a young (≈330-yr-old) neutron star (NS) which has carbon atmosphere and shows
notable decline of the effective surface temperature. We report a new (2010 November)
Chandra observation which confirms the previously reported decline rate. The decline is
naturally explained if neutrons have recently become superfluid (in triplet state) in the
NS core, producing a splash of neutrino emission due to Cooper pair formation (CPF) process
that currently accelerates the cooling. This scenario puts stringent constraints on poorly known
properties of NS cores: on density dependence of the temperature Tcn(ρ) for the onset of neu-
tron superfluidity [Tcn(ρ) should have a wide peak with maximum ≈ (7–9) × 108 K]; on the
reduction factor q of CPF process by collective effects in superfluid matter (q > 0.4) and on the
intensity of neutrino emission before the onset of neutron superfluidity (30–100 times weaker
than the standard modified Urca process). This is serious evidence for nucleon superfluidity
in NS cores that comes from observations of cooling NSs.

Key words: dense matter – equation of state – neutrinos – stars: neutron – supernovae:
individual: Cassiopeia A – X-rays: stars.

1 I N T RO D U C T I O N

It is well known that neutron star (NS) cores contain superdense mat-
ter whose properties are still uncertain (see e.g. Haensel, Potekhin
& Yakovlev 2007; Lattimer & Prakash 2007). One can explore these
properties by studying the cooling of isolated NSs (see e.g. Pethick
1992; Yakovlev & Pethick 2004; Page, Geppert & Weber 2006;
Page et al. 2009 for review).

We analyse observations of the NS in the supernova remnant Cas-
siopeia A (Cas A). The distance to the remnant is d = 3.4+0.3

−0.1 kpc
(Reed et al. 1995). The Cas A age is reliably estimated as t ≈
330 ± 20 yr from observations of the remnant expansion (Fesen
et al. 2006). The compact central source was identified in first light
Chandra X-ray observations (Tananbaum 1999) and studied by
Pavlov et al. (2000), Chakrabarty et al. (2001), and Pavlov & Luna
(2009), but its nature has been uncertain. The fits of the observed
X-ray spectrum with magnetized or non-magnetized hydrogen at-

⋆E-mail: pshternin@gmail.com (PSS); wynnho@slac.stanford.edu
(WCGH)

mosphere models or with blackbody spectrum revealed too small
size of the emission region (could be hotspots on NS surface al-
though no pulsations have been observed, e.g. Pavlov & Luna 2009).

Recently Ho & Heinke (2009) have shown that the observed spec-
trum is successfully fitted taking a carbon atmosphere model with
a low magnetic field (B ! 1011 G). The gravitational mass of the
object, as inferred from the fits, is M ≈ 1.3–2 M⊙, circumferential
radius R ≈ 8–15 km and the non-redshifted effective surface tem-
perature T s ∼ 2 × 106 K (Yakovlev et al. 2011). These parameters
indicate that the compact source is an NS with the carbon atmo-
sphere. It emits thermal radiation from the entire surface and has
the surface temperature typical for an isolated NS. It is the youngest
in the family of observed cooling NSs.

Yakovlev et al. (2011) compared these observations with the NS
cooling theory. The authors concluded that the Cas A NS has already
reached the stage of internal thermal relaxation. It cools via neutrino
emission from the stellar core; its neutrino luminosity is not very
different from that provided by the modified Urca process.

Following Ho & Heinke (2009), Heinke & Ho (2010) analysed
Chandra observations of the Cas A NS during 10 yr and found
a steady decline of Ts by about 4 per cent. They interpret it as

C⃝ 2011 The Authors
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Part 2. Axion and Neutron Star

2.1.   Axion   models / constraints

2.2.  Cas A NS Cooling

        (1)  Cas A

        (2)  Cas A NS

        (3)  Cas A NS Cooling (observation)

        (4)  Cas A NS Cooling (theory)

2.3.  Cas A NS Cooling with axion

2.4.  Summary of Part 2.
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axion emission

strong int.

Bremsstrahlung

axion emission strong int.
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Brems.: N. Iwamoto, Phys. Rev. Lett. 53, 1198 (1984);    N. Iwamoto,’89, ’01.

PBF: A. Sedrakian, 1512.07828 [PRD];    J. Keller, A. Sedrakian,’12.
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axion emission

What we did:

• followed NS cooling with axion emission (Brems. and PBF).

 by modifying a public code NSCool.


• APR EoS.

• NS mass M = 1.4 Msun.

• gap models:


 n-1S0 gap: SFB (doesn’t matter)

 p-1S0 gap: CCDK (doesn’t matter as far as large enough)  

 n-3P2 gap: gap height Δ∝ Tc and width: free parameter.
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Axion emission can be as strong as neutrino emission.
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Results

Axion emission can be as strong as neutrino emission.
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phase transition 

T = Tc



Cas A NS Cooling with axion
Results

obtained a new bound: 
(for an envelope with a thin carbon layer)

cf. SN1987A bound: fa & 4⇥ 108 GeV
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Cas A NS Cooling with axion
Results fa = 1 x 109 GeV: 

can fit the data. 

fa = 4 x 108 GeV: difficult 
to fit the data even by 
adjusting gap parameters.

obtained a new bound: 
(for an envelope with a thin carbon layer)

cf. SN1987A bound: fa & 4⇥ 108 GeV
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Cas A NS Cooling with axion

Remark: uncertainty from envelope
surface 

temperature 

(observed)

internal temperature

==> O(1) uncertainty in fa bound.



A rapid cooling of Cas A Neutron Star (NS)

has been observed.


It can be explained within the standard NS 

cooling scenario. (i.e., without physics beyond 
the Standard Model)

If there is an extra cooling, such as 

an axion emission, the cooling is modified.

We studied the Cas A NS cooling with an 
axion emission, and obtained a new bound on 
the axion decay constant,

fa > O(108) GeV.

(comparable to the existing SN1987A bound)

W.C.G.Ho, K.G.Elshamouty, C.O.Heinke, A.Y.Potekhin, 1412.7759

K.Hamaguchi, N.Nagata, K.Yanagi, J.Zheng, 1806.07151
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Flaxion Dark Matter:
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a
a

Case 1: U(1) is broken after inflation.

Case 2: U(1) was already broken during inflation.

-> Domain Wall !

In the flaxion scenario, typically NDW ≠ 1,

and this possibility is excluded.

Quantum fluctuation during inflation

leads to DM isocurvature perturbation,

which is severely constrained [Planck,’15].

-> Strong bound on inflation scale. �a ⇠ Hinf

Hinf . 3⇥ 107 GeV ✓
�1
i

✓
1012 GeV

fa

◆0.19

.



Flaxion Dark Matter:
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a
a

Case 1: U(1) is broken after inflation.

Case 2: U(1) was already broken during inflation.

-> Domain Wall !

In the flaxion scenario, typically NDW ≠ 1,

and this possibility is excluded.

Quantum fluctuation during inflation

leads to DM isocurvature perturbation,

which is severely constrained [Planck,’15].

-> Strong bound on inflation scale. �a ⇠ Hinf

No proble
m in ``flaxion-in

flation” sc
enario !

Hinf . 3⇥ 107 GeV ✓
�1
i

✓
1012 GeV

fa

◆0.19

.



Proton decay ?


—> In the case of example charge assignments, 

the most dangerous one is the last one.

With O(1) coefficients, 


            M > 5 x 1014 GeV 


is sufficient to suppress it.
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Alternative scenario to explain Cas A cooling

• longer thermal relaxation timescale in the crust or core

• etc
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T. Noda, M.-A. Hashimoto, N. Yasutake, T. Maruyama, T. Tatsumi, and M. Fujimoto, arXiv:1109.1080; 

A. Sedrakian, arXiv:1303.5380; 

D. Blaschke, H. Grigorian, and D. N. Voskresensky, arXiv:1308.4093;

A. Bonanno, M. Baldo, G. F. Burgio, and V. Urpin, arXiv:1311.2153; 

L. B. Leinson, arXiv:1411.6833; 

G. Taranto, G. F. Burgio, and H. J. Schulze, arXiv:1511.04243;
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Minimal Cooling vs Cas A NS
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Other NS temperature observations
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KSVZ and DFSZ
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fa & 5⇥ 108 GeV (KSVZ)
fa & 7⇥ 108 GeV (DFSZ, tan� = 10)
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(larger uncertainty from envelope for DFSZ)
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