Congratulations and thank you, Baha & George for your scientific
contributions and your community leadership.

The youngest wise The oldest brilliant
uncle school boy



JT In the Sky: Axion Condensation in Neutron Stars

Sanjay Reddy, Institute for Nuclear Theory, University of Washington, Seattle.
Collaborators: M. Kumamoto, J. Huang, C. Drischler, M. Baryakhtar

A 1.0 Axion domain-wall
= AR ~ 1/m,
L 08
&)
2 06 Axion condensation
-
= Oocp = 7
a 0.4
0.2
00 Oocp = 0
0 2 4 6 8 10 12

R (km)

Neutrinos in Physics and Astrophysics, Celebrating the
Contributions of Baha Balantekin and George Fuller,
UC Berkeley, 1/16/25

“ INSTITUTE for
;r' NUCLEAR THEORY &2

Office of Science



JT In the Sky: Axion Condensation in Neutron Stars

Sanjay Reddy, Institute for Nuclear Theory, University of Washington, Seattle.
Collaborators: M. Kumamoto, J. Huang, C. Drischler, M. Baryakhtar

e |ntroduction & motivation.

A 1.0 Axion domain-wall
g AR ~ 1/m, » Axion condensation in
> 08 neutron stars.
06 Axion condensation _
=  Quark mass in EFT and
~ 04 Oocp = 7 pion coupling to two
St nucleons.
0.2 |
Oocp = 0 » Conclusions.
0.0
0 2 4 o) 8 10 12

R (km)

Neutrinos in Physics and Astrophysics, Celebrating the
Contributions of Baha Balantekin and George Fuller,
UC Berkeley, 1/16/25

m INSTITUTE for U.S. DEPARTMENT OF
2" NUCLEAR THEORY

Office of Science

Network for Neutrinos, ) @R (
*N(3AS & G
dSymm tri A g




JT In the Sky: Axion Condensation in Neutron Stars

Sanjay Reddy, Institute for Nuclear Theory, University of Washington, Seattle.
Collaborators: M. Kumamoto, J. Huang, C. Drischler, M. Baryakhtar

e |ntroduction & motivation.

A 1.0 Axion domain-wall
g AR ~ 1/m, » Axion condensation in
> 0.8 neutron stars. arXiv: 2410.21590
06 Axion condensation _
=  Quark mass in EFT and
~ 04 HQCD =7 pion coupling to two
St nucleons.
0.2 |
Oocp = 0 » Conclusions.
0.0
0 2 4 o) 8 10 12

R (km)

Neutrinos in Physics and Astrophysics, Celebrating the

°s Contributions of Baha Balantekin and George Fuller,

m INSTITUTE for U.S. DEPARTMENT OF
2" NUCLEAR THEORY

Office of Science

: {
Network for Neutrinos, A
+ A Nuclear Astro physics, e
and Symmetri

UC Berkeley, 1/16/25 .




QCD

A Simple Lagrangian with Marvelous Emergent Complexity at Low-Energy:

. L o
P = 3 g (i1 Gup, = 8 (TG +my) vy =7 GG
:



QCD

A Simple Lagrangian with Marvelous Emergent Complexity at Low-Energy:

. L o
% = 3 g (" Gupy = 8 (T.GDup) + 1) vy = 7 GG
f

Running Coupling

T decay (N3LO) -
low Q? cont. (N°LO) +=—
HERA jets (NNLO) H+
Heavy Quarkonia (NNLO)
e e jets/shapes (NNLO+res) H*
pp/pp (jets NLO) —=+
EW precision fit (N>LO) +e—
pp (top, NNLO)

S
N
W

S
b

R
NJ
S~
/N
Q\
Ql
| —
(Q\
S0

a(0?)

0.1

0.05
1

August 2021



QCD

A Simple Lagrangian with Marvelous Emergent Complexity at Low-Energy:

. L o
% = 3 g (" Gupy = 8 (T.GDup) + 1) vy = 7 GG
f

Running Coupling Quark Mass Matrix

3 =
i ) m, ~ 2.5 MeV 0 0
HERA jets (NNLO) =+
H koni @)
¢¥c Joalshapes (NNLO-ee) or 0 m, ~ 5 MeV 0
pp/pp (jets NLO) H=+

EW precision fit (N3LO) e O () mS ~ 100 M@V

pp (top, NNLO) -+

S
N
W

S
b

R
NJ
S~
/N
Q\
Ql
| —
(Q\
S0

a(0?)

0.1

0.05
1

August 2021



QCD

A Simple Lagrangian with Marvelous Emergent Complexity at Low-Energy:

. L o
% = 3 g (" Gupy = 8 (T.GDup) + 1) vy = 7 GG
f

Running Coupling Quark Mass Matrix

3 =
i ) m, ~ 2.5 MeV 0 0
HERA jets (NNLO) =+
H koni @)
¢¥c Joalshapes (NNLO-ee) or 0 m, ~ 5 MeV 0
pp/pp (jets NLO) H=+

EW precision fit (N3LO) e O () mS ~ 100 M@V

pp (top, NNLO) -+

S
N
W

S
b

R
NJ
S~
/N
Q\
Ql
| —
(Q\
S0

Heavy Quarks (unimportant at low-energy):

a(0?)

m. .~ 13GeV my,=~4GeV m, ~ 170 GeV




QCD

A Simple Lagrangian with Marvelous Emergent Complexity at Low-Energy:

| Lo
P = 3 g (i1 Gup, = 8 (TLGDap) +my) = 2 Gl +6
f

Running Coupling Quark Mass Matrix

3 =
i ) m, ~ 2.5 MeV 0 0
HERA jets (NNLO) =+
H koni @)
¢¥c Joalshapes (NNLO-ee) or 0 m, ~ 5 MeV 0
pp/pp (jets NLO) H=+

EW precision fit (N3LO) e O () mS ~ 100 M@V

pp (top, NNLO) -+

S
N
W

S
b

R
NJ
S~
/N
Q\
Ql
| —
(Q\
S0

Heavy Quarks (unimportant at low-energy):

a(0?)

m. .~ 13GeV my,=~4GeV m, ~ 170 GeV

8




QCD

A Simple Lagrangian with Marvelous Emergent Complexity at Low-Energy:
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60 and Axions
0

S__Ga G

Ly=0
0T 3g2 e

To explain @ < 10710, @ is promoted to a dynamical quantity through the Pecci and Quinn
mechanism. A new field that relaxes to zero to minimize the vacuum free energy:

e Axion field

0 =—

Ja —0 A new high energy scale



Axion Mass and Energy

The axion coupling to gluons can be elimanted by a transformation of the quark mas matrix Mq

.a M1 1 My
Mq — Mq cXp 21— Qa where Qa — 1 — n, + @[mu/ms, md/ms]
Ja Tr M1 m, +my 0
This leads to an axion mass which can be m2 —
calculated from Chiral Perturbation Theory ¢

The corresponding contribution to the
energy density or an axion potential

4 0
vio=2)=p2m2 |14 )1 -2y [—]
fa (mu T md)z 2




Hadrons at 6 = 0

Using M, — M, exp (2i0 Q,)

The pion mass at finite & can be calculated in ChiPT

mz(0) = m;(0 = 0) \/ | = o F]

(mu + md)2 2 :
0.
= 0.3
# miO=m mg—m, 1 00 02 04 06 08 1.0
m2@=0) my;+m, 3 /7T

Note at O=7x: CP is conserved (M is real). ggg
The only changeism, —» — m,, > 930
| | = 925

The resulting decrease in the nucleon mass & 920
=915
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(0
. mz(0)
The decrease in the nucleon mass m,(0) = my+ o,

"m2(6 = 0)

favors a first-order transition to a ground state with @ = «

| | i i 3.5} — ps=1010 MeV
Neglectlpg nuclear interactions the energy gain per — B
nucleon Is E 3.0/ — 1p=1015 MeV
S~
mj%(e — 72') ) %’ 2 51 — pg=1020 MeV
AE~oc_ | 1 — ~ —0 S 2.0 — He=1027 MeV

m2@=0) ) 3™

The energy cost (due to axion potential) per nucleon is

- VO=n 2fm;

AE ——==
Nnpg 3 np
. 2.2
The Condensation occurs when o g > [ m;

Foro,, = 50 MeV —>




Role of nuclear interactions

Modification of nuclear interactions at @ = & can alter the critical density because
it can be comparable to the energy gain

m2(0 = ) 2
AE~o,, | 1 — ~ —o,, ~ 30 — 40 MeV
mz(6 = 0) 3

At @ = &, the dominant effect is the reduction in the pion mass.

What is nuclear physics look like at m_ ~ 80 MeV ?

If nuclear forces are more attractive at m_, ~ 80 MeV axion condensation
will occur at ng < 2.6 n,,.



How do changes to M/ 0 affect nuclear interactions?

Short answer: We do not really know.

The effect on pion-exchange is easy to implement, but
effects at short distances are not.
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Nuclear Forces from Effective Field Theory (EFT)

EFT Hamiltonians organizes operators in powers of the momentum: Q
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Quark (pion) mass-dependence of NN interaction in EFT

Violq) = C,+D,m> 4

Analysis of 2-nucleon scattering in Lattice QCD for different values m_ could, in principle, determine
D, but systematics are too large at this time.

Beane, Bedaqgue, Detmold, Savage (NPLQCD), Walker-Loud (Cal-Lat), Aoki, Hatsuda, Ishii (HAL QCD Collaboration), ....
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Renormalization requires D, :
Kaplan, Savage, Wise (1998)

To obtain a scattering amplitude that is independent
of regularization or cut-off A requires:
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D, and Coupling to Pions

Chiral symmetry requires that pion mass 2 Tab o .
: . _ - ab
terms only appear in a specified form: 2f2
N N
This induces a coupling of pions to two-nucleons: >< T >< .....
N
¥ 2
D, m? D, ~ %
L 2
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D, and F, Contributions to the Energy are Large

In neutron and nuclear matter, the leading SNF plays a critical role.

20 —
A A 15}
-;T--.'-;r--‘ ==
A A 10:—
S I
C1, C3, C4 CD CE T St
0F
5[ Fy<1/5 £, DaI<1/5f;*
The new 3NF involving the can be large enoughto ~ ~'00 05 10 15 2.0
compete with the NNLO forces currently employed in

nn/nsat

Chiral EFT.

The uncertainty is large because D, & F, are not yet known.



Can interactions favor axion condensation?

How does the interaction energy at nuclear density change with m_?

AEint — int(mﬂ) i Eint(m}z)hys)

Pure Neutron Matter

N’LO sim 500/290 MeV E

MBPT order
.~ third
second
Hartree Fock
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 |In ChiEFT, interaction increases at first,
and then decreases with decreasing m .
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* A large cutoff dependence suggets that
a systematic study of the pion-mass
dependence of short-range
components (LECs) is warranted.
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* The contribution from three body forces
can be especially important and not all 0 110
of them have been accounted for. Pion mass m.r |

M. Kumamoto, J. Huang, C. Drischler, M. Baryakhtar, S. Reddy (2024)
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Conclusions

 Understanding the quark or pion mass dependence of nuclear forces is
Important to address the possibility of axion condensation in neutron stars.

* Preliminary calculations suggest that the interaction energy decreases with
pion mass and favors axion condensation.

* Three nucleon forces including those that originate from pion coupling to two
nucleons will likely play a key role and warrant further investigation.



Inside Neutron Stars

Outer crust

Density
(g/cm3) 104
4 x 1011

Inner crust

 Nuclei and relativistic electrons. !

Neutron-rich nuclei, relativistic electrons,
isuperfluidneutons @@ ]

14
10 Outer core

INeutrons (~ 90%), protons, relativistic electrons, |
Imuons. Description in terms of baryons remains
tuseful. Superfluid neutrons & superconducting |
I protons. |

6 x 1014

Quark-hadron
transition

 Complex strongly interacting relativistic matter. |
iDescription not simple in terms of either baryons |

15
— > |Ordered quark matter? color superconductor? |

Approximate
radius (km)

1015



An Aside: Exceptionally light QCD axions

There has been recent interest in more exotic scenarios involving a large number
of BSM gauge fields that also couple to the QCD axion.

In these scenarios the axion potenatial takes the form

(_)f [\/ [ﬁ”
f;z (mu+md)2 2

where the new parameter € << 1 leads to a lighter axion.

Such axions would condense when 6,y > €fzm:

2.2
fem
' C
Or when ng = € q Np = 2.6 € N




2 2

D,, E,, & F, are enhanced for the same reason and are apriori expected to be of similar size.

|
S

Typical size of these LECs: D,~E,~ F, ~



