


Tidal Deformability & Compact Object Populations

Large sample size: >20,000 BNS/year.
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The Dark Side of Neuton stars

Neutron stars are great places to look for dark matter:

» They accrete and trap dark matter.

p z
M, < 107M,, ( 2 3)
1 GeV/cm® /) Gyr

*Produce “baryonic” or “leptonic” dark matter due to
its high density

M, < Mg for m, S 2 GeV

‘Produce thermal dark matter due to high | -
temperatures at birth or during mergers. BNl M

M, S 107! M, for m, < 100 MeV 5 ¥ pard



Black-Holes in the Neutron Star Mass-Range

ldea: Accretion of asymmetric bosonic dark matter can induce the collapse of an NS to a BH.

M){ 7 10_14M® Min

) Py t
2 X 10~ cm? , 1 GeV/ cm3 Gyr

log(c/cm 2)

The maximum mass of weakly Interacting bosons
IS negligible:

excluded by BH formation inside neutron stars

18 GeV %
MBosons ~ 10 M@ " E’
X m
The existence of old neutron stars in the 5= 0.3 GeViem

Milkyway with estimated age ~ Gyr provides
strong constraints on asymmetric DM.

Hawking radiation preve

o = 10°GeViem ®

Kouvaris (2013)



Time Scale for Converting NSs into BHs

Self-gravitation and BH

For dark matter in the 1-106 GeV formation w/o BEC
mass range, black hole formation
iIs complex and involves several Netr > Nenanduaseka

timescales. 0

Capture of DM particles Destruction

in NS core Thermalization of host star
Capture time is typically the . s
limiting step. But, thermalization A ADMsphere
can be slow in exotic superfluid e @ oy e
phases and depends on R 0 v
processes in the inner core! . mplosior

Ambient DM capture

and Bondi-Hoyle accretion
must exceed Hawking radiation

Bose-Einstein condensation
(BEC) and BH formation




Time Scale for Converting NSs into BHs

. —soiem —1mer | The number of merging black
For dark matter in the 1-10° GeV ey —omar G | e fe Ig\JIS?m osion
mass range, black hole formation [ B ol e | — 3000 Oy , X
grows rapidly when the collape

IS complex and involves several " 02 S
tmescales. time is less than a Gyr.

Capture time is typically the
limiting step. But, thermalization
can be slow in exotic superfluid
phases and depends on
processes in the inner core!

|
7 |
— XG
|
Voyager

— A4!

A measurement of the tidal
deformability will allow us to
distinguish BBH from BNS
to infer the collape time In
next generation detectors.




Constraining Dark Baryons

Dark sectors could contain particles in the MeV-GeV mass range that mix with baryons.

There was speculation that a dark baryon with mass m, between

937.76 - 938.78 MeV might explain the discrepancy between n—=xXt...
neutron lifetime measurements. Foral & Grinstein (2018)
rPottle — 8796 +£ 0.6 s —— counts neutrons rpottle 5
Brn_>x =1 boam (0.9 T 0.2) X 10
T, cHH
oM — 388.0 £ 2.0 s —— counts protons

A model for hidden baryons that mix with the neutron:

Legg =1 (10 —myp)n+x (10 —my ) x—0 (X\n + ny)

o
Mixing angle: 0 = N, * An explanation of the anomaly requires @ ~ 10~

Neutron stars can probe much smaller mixing angles: @ ~ 10~18



Weakly Interacting Dark Baryons Destabilize Neutron Stars

—-—  Stiff
—-— APR
—-— Soft

N p € X N p €

Neutron decay lowers the nucleon
density at a given energy density.

12
When dark baryons are weakly Radius (km)
iInteracting the equation of state is soft
~ similar to that of a free fermi gas.

This lowers the maximum mass of neutron stars.



Self-interacting Dark Matter

Using Gravitational Waves to Discover Hidden Sectors

Self-interacting dark matter can be stable
and bound to neutron stars - a new class
of compact dark objects.

Gravitational wave observations of binary
compact objects whose masses and tidal
deformability’s differ from those expected
from neutron stars and stellar black holes
would provide conclusive evidence for a
strongly self-interacting dark sector:

Mass < 0.1 Msolar
Tidal Deformability > 600

Nelson, Reddy, & Zhou (2018) Horowitz & Reddy (2018)

NS + dark-core

NS + dark-halo

Compact Dark Objects




Dark Halos Alter Tidal Interactions

Trace amount of light dark
matter ~ 10-4-10-2 Msojar IS
adequate to enhance the
tidal deformability

A\ > 800 !

Self-Interactions of
‘natural-size” can provide
adequate repulsion.

g,/Mmo = (0.1/MeV) or (10-6/eV)

Nelson, Reddy, Zhou (2019)

boson

fermion

Ox

mgy/MeV

1

For m, = 100 MeV




Dark Halos Alter Tidal Interactions

| Nelson, Reddy, Zhou (2019)
Trace amount of light dark

. 1600f —— boson For m, = 100 MeV
matter ~ 10'4'1 0'2 Msolar IS — fermion *
adequate to enhance the 1400
tidal deformability 1500 =1
A > 800 !

< 1000

Dake-Zhou

Self-Interactions of
‘natural-size” can provide
adequate repulsion. 600

800+

g,/Mo = (0.1/MeV) or (10-6/eV) 400







Axion Condensation in Neutron Stars

Mia Kumamoto

Christian Drischler Masha Baryakthar

Junwu Huan
Grad. Student Asst. Professor Asst. Professor Research Facugity
U of Washington Ohio U U of Washington Perimeter Inst.
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A Simple Lagrangian with Marvelous Emergent Complexity at Low-Energy:

A 1 U
L= D Wy (Wﬂ(éaﬁaﬂ — 8 (1,Gy)qp) + mf) W ~ 7 Gl
f



D

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

. 1 U
L = ) W i7"y = 8 TG o) + 1y ) vy = - GGl
f

Running Coupling

T decay (N"LO) =
low Q2 cont. (N°LQO) =
HERA jets (NNLO)
Heavy Quarkonia (NNLO)
e'e” jets/shapes (NNLO-+res) =
pp/pp (Jets NLO) H=+
EW precision fit (N°LO) e
pp (top, NNLQO)

R
NJ
S~
/N
Q\
Ql
| —
(Q\
STe

a(0?)

0.05
1

Augusl 2021
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A Simple Lagrangian with Marvelous Emergent Complexity at Low-Energy:

| L e
% = 3 g (i7" Gupy = 8 (T.G)up) + 1) vy = 7 GG
f

Running Coupling Quark Mass Matrix

T decay (N"LO) +#
low Q2 cont. (N>LO) e m, ~ 2.5 MeV 0 0
HERA jets (NNLO)
Heavy Quarkonia (NNLO) -~
e'e” jets/shapes (NNLO=res) = O md I~ 5 MeV O
pp/pp (jets NLO) ==+

EW precision fit (N3LO) e O () mS ~ 1()() M@V

pp (top, NNLQO) v

R
N
S~
/N
Q\
Ql
| —
(Q\
STe

a(0?)

0.05
1

Augusl 2021
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A Simple Lagrangian with Marvelous Emergent Complexity at Low-Energy:

v . | g2 o~
<L = Z l//af<l}//’t(5aﬁaﬂ — 8 (TCZGIM)OZIB) + mf) l//ﬁf — ZGﬂngU_I_Q 3271-2 G//”/GZD
f
Running Coupling Quark Mass Matrix

T decay (N"LO) +#
low Q2 cont. (N>LO) e m, ~ 2.5 MeV 0 0
HERA jets (NNLO)
Heavy Quarkonia (NNLO) -~
e'e” jets/shapes (NNLO=res) = O md I~ 5 MeV O
pp/pp (jets NLO) ==+

EW precision fit (N3LO) e O () mS ~ 1()() M@V

pp (top, NNLQO) v

<
[
L

o
b

R
NJ
S~
/N
Q\
Ql
| —
(Q\
STe

a(0?)

0.1

0.05
1

Augusl 2021
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A Simple Lagrangian with Marvelous Emergent Complexity at Low-Energy:

2

| g -
— - 7 _ a _ __(a py a (MUY
P = 3 g (ir"6ugy = 8 (T.GDap) +my )y = 2 GGl +0 —-— G G
f
Running Coupling Quark Mass Matrix 0-QCD
| oy L0 m, ~ 2.5 MeV 0 0 » Source of CP violation
HERA jets (NNLO)
o' owshapes (NNLO-7es) - 0 my ~ 5 MeV 0
PD/pD (jets NLO) -5 * |[nduces neutron EDM:

EW precision fit (N3LO) e O () mS ~ 1()() M@V

pp (top, NNLQO) v

d ~3x1071° 0 e cm

R
N
S~
/N
Q\
Ql
| —
(Q\
STe

* Experimental bound:
d <107 e cm

N N

’ or 9 < 10710

Augusl 2021

a(0?)

0.05




60 and Axions

gz
Ly=0 G¢ GH
’ 3272 M °
Axion field
To explain @ < 1071V, @ was promoted to a a —
dynamical quantity. New physics at a high scale 0 = ]T
introduced a new low energy field that relaxes to a T——_ A new high energy scale
zero to minimize the free energy:

The axion is a pseudo-scalar particle that arises as a Goldstone boson from the breaking of a new
U(1) symmetry introduced by Pecci and Quinn.

At low energy,

A, E

where gc(,)w — and jc/ZO = Cy0 9754

2rf, N



The O-term can be encoded in a complex quark mass matrix

— m, + @[mu/ms, md/ms]



The O-term can be encoded in a complex quark mass matrix

— m, + @[mu/ms, md/ms]



Mass Terms in the Chiral Lagrangian
Z miql'%' — 2 q_Ri Mlj QL]' +h.c
l l,]

Since chiral symmetry is broken spontaneously, in the low energy EFT, chiral
invariance is implemented by (treating Mij as a spurion field):

M; — RMUU
217(Xx)
Jx

Parametrizing the excitations (Goldstone bosons/pions) by 2(x) = exp

The mass term in chiral perturbation theory is &, = cAfj% Tr[M2]+h.c




Mass Terms in the Chiral Lagrangian

2 miql'qZ' — Z q_Ri Mlj qr; +h.c
. . J

Since chiral symmetry is broken spontaneously, in the low energy EFT, chiral
invariance is implemented by (treating Mij as a spurion field):

:
M;; = RM;;L

217(x
Parametrizing the excitations (Goldstone bosons/pions) by 2(x) = exp ( f( ) )
T

The mass term in chiral perturbation theory is &, = cAfj% Tr[M2]+h.c

# m = cA(m,+m,) = (qq) (mu + m,)




Axion Mass and Energy

Incorporating the transformed quark mass matrix Mq in Chiral Perturbation Theory
we can study the impact of axions on low energy nuclear and axion physics.

This leads to an axion mass which can be o - m,m; 12
calculated from Chiral Perturbation Theory “f2 g

V(8) (f2m2)

0.7

2z 272 4mumd : 0.6
VIiO0=—|=fim: |1—4]/1

f;l (mu T md)2 0.5

1 0.4

p— —fgmgez _|_ 0.3

2
0.2

Which is minimized at @ = 0. 0.1




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

V(é’ = ﬁ) = ¢ fom; [1 — %1 Mg sin’ [gll
fa (mu md)2 2

where the new parameter ¢ < 1 leads to a lighter axion

¢ < 1 can be realized in some BSM axion models.
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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

V(é’ = ﬁ) = ¢ fm; [1 — %1 Mg sin’ [gll
fa (mu md)2 2

where the new parameter ¢ < 1 leads to a lighter axion

¢ < 1 can be realized in some BSM axion models.



QCD Axion & Lighter Cousins: Parameter Space

109

—_— =1
"1 Stellar Energy Loss Exclusion(g,y, < 6.6 x 10~11)
3 ADMX Exclusion (gay, < 3 x 10716 GeV~1)
107~ 1 SN1987A v Signal Duration Exclusion

10728

10-1© 108 10-® 10~% 10-2  10Q° 102 104
Axion mass m, [eV]

10°



QCD Axion & Lighter Cousins: Parameter Space

10°
— e=1
—_— c=0.1 /
—— £ =0.01
10—3_ —— £ =0.001 /
"~ Stellar Energy Loss Exclusion(ga,, < 6.6 x 10711
ADMX Exclusion (gay, <3 x 10716 GeVv~?)

10—6 1 SN1987A v Signal Duration Exclusion

-----------------------------------------------------------------------------

10—18

10-10 108 106

104

10-2 100 102 104 106

AXxion mass m, [eV]



PDG 2023: Rosenberg, Rybka, Safdi.

Experiments are mostly sensitive ~

CROWST MALESI@Y < E
to OSQAR |
_ Solar v/ SN]?{S?A
a 1 E 192 10 3 CAST )
ga — I * ~ - DSNALF e MWD X-rays Glebular elusters Dibtusesy
o .. ’ . i Pulsars . v E_. ; <
chands g S
< Polarisation é
E/N, a model-dependent parameter, \ =B

can range from 0 to 44/3.

~
7
-
Fr
g

XMM-Newton
NuSTAR
INTEGRAL

A2 o4 A9 8 T 6 % b B 2 A DD DD D b
107207307 1077107 40 407107740 40740748 AT A0 AT AT 40" 48 48 4O

m, [eV]




Quark masses dependence of hadrons

(qq) m, §
(mu + md) + .- K = 1 M _ 0.5
3f2 * o om, om,
2
M m, & 2 5
+ Gﬂ'n 5 Km _ g Oni, ~ m, ont,
I (mjz)phys " m, ém, m, om;

~ 50X 10 MeV

~ (.05



Quark masses dependence of hadrons

o) <QQ> mC] 5m71'
m;, = — (mu + md) + K, = ~ 0.5
3f2 . * o om, om,
m
= My + Orn 9) - ) — T 5mn A~ mj% 5mn ~ (.05
I (myz')phys " m, om,  m, omz
~ 50X 10 MeV
Masses of heavier vector mesons are K = g O, ~ 0.05

relatively insensitive to the quark mass. ’ m, om



Quark masses dependence of hadrons

m2 — — <qq> (mu +md) 4 ... » Km — o 5mﬂ ~ (0.5

m, om,

m? 2
m, = My + 0y, - K, = g Oty ~ M Oty ~ (.05
2 m
I (myz')phys " m, ém, m, om;
~ 50 = 10 MeV

. m, om
Masses of heavier vector mesons are K =—2_"7 ~ 005
relatively insensitive to the quark mass. " m, om,

. m, om,

Mass of the scalar sigma meson K, = > 0.1




Hadrons at @ = ()

1.0

Because M, - M, exp (zie Qa) 5 8.2
RV

the pion mass decreases with €: £07

D 0.6

4dm m 0 0.5
m%(@) — m%(é’ = 0) \ l — 4 gin? [5] S 04

0.3
00 02 04 06 08 1.0

# mﬁ(é’ = ) - mg—m, 1 o/t
m20=0) my+m, 3

940

—~ 935

The resulting decrease in the nucleon mass é 930

= 925

m2(0) & 920

m(0) = my+ 6, —T"" 4 ... Zo15
m2(0 = 0) 910 ‘
| 905 s
~ 50 MeV 00 02 04 06 08 1.0

o/t




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

"m2(0 = 0)

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

3.5 — pp=1010 MeV

Neglecting interactions, the energy gain per nucleon is

m%(H = TT) 2
AE~oc, | 1— ~ —0,
mz(6 = 0) 3

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

VIO@=n) 2fm?
AE = ~ —
nB 3 nB

- 2 002
The Condensation occurs when oy 2 [

Foro, = 50 MeV —> n,~ 1.9 ng, (First-order) ng ~ 2.6 ng, (second-order)



But, nuclear interactions are important
atngp ~ 2n_,.

If nuclear interactions become more attractive at
0 = m, when m_~ 82 MeV:

C
Ny < 2 ng,.

Axions would condense Iinside neutron stars.
For any value of f !



Condensation of Light QCD axions is Robust

Light axions would condense when o, yng > € fom>

2.2

m
Orwhen ngz=¢ ——= —

071' n

ng ~ 2€ ng,
For ¢ << 1 condensation happens at low baryon density —one
can neglect the role of nuclear interactions.

For € < 0.1 ordinary matter (nuclei) are only metastable.

Stability of the earth and sun require € > 10_13, and
White Dwarfs need ¢ > 10~/



Back to QCD axions (¢ = 1)
Can we do nuclear physics at m_ ~ 82 MeV?

What is the sign of

AE — mt(m = &2 MSV) int(m};hys)

atnp S2n., ?



How do quark masses affect nuclear interactions at low-energy?

Short answer: We do not really know.

N
-
-

* The effect on pion-exchange is easy to

Implement, but effects at short distances are
not.

Repulsive
core

)
>
()
2
T_U
afud
e
@
wr
O
N
e
O
D
O
=
p -
@
)
=

1.0 1.5 2.0 2.5
Separation (fm)




How do quark masses affect nuclear interactions at low-energy?

| E. Epelbaum, U.-G. MeiBner, W. Glo"ckle (2003)

Short answer: We do not really know.

* The effect on pion-exchange is easy to
Implement, but effects at short distances are
not.

 Models with reasonable assumptions suggest
that the deuteron binding energy increases
with decreasing pion mass.

\

Beane and Savage (2003)




Quark (pion) mass-dependence of NN interaction in EFT

X

8/% 01°-(q 03 (
A a*+mg

Vio(@) = Co+ D, m; -+ T T



Quark (pion) mass-dependence of NN interaction in EFT

-1 | SR ¢

8/% 01°-(q 03 (
A a*+mg

XX

A (D) sy D] gimy ]
dA \ G 647°f 2 64n2 4
KSW

Vio(@) = Co+ D, m; -+ T T

Renormalization requires D, :
Kaplan, Savage, Wise (1998)

To obtain a scattering amplitude that is independent
of regularization or cut-off A requires:

a




Quark (pion) mass-dependence of NN interaction in EFT

-1 | SR ¢

8/% 01°-(q 0y

A a*+mg

XX

L (g) gimy Dy gim} 1
KSW

VLO(Q) — C() + D2 m,% -+

Renormalization requires D, :
Kaplan, Savage, Wise (1998)

To obtain a scattering amplitude that is independent
of regularization or cut-off A requires:

A \ & " 64n2f2 C2  64nY2 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.



Quark (pion) mass-dependence of NN interaction in EFT

-1 | SR ¢

8/% 01°-(q 03 (
A a*+mg

XX

L (&) gimd D)  gim} 1
KSW

Vio(@) = Co+ D, m; -+ T T

Renormalization requires D, :
Kaplan, Savage, Wise (1998)

To obtain a scattering amplitude that is independent
of regularization or cut-off A requires:

a

A \ & " 64n2f2 C2  64nY2 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), ....



D> can be important.

RG suggests:

S.R. Beane, M.J. Savage |/ Nuclear Physics A 717 (2003) 91-103

C; 1

Dy | ~—~ —
Dyl =~

Variation over a smaller range:

1 D,m?> 1
5 C, 5

has a significant impact on s-wave
observables.




Pion Mass Dependence of Binding Energies

From resonance saturation and matching ChiEFT to the Bonn. potential model.
J. C. Berengut, E. Epelbaum, V. V. Flambaum, C. Hanhart, U.-G. MeiBner, J. Nebreda, and J. R. Pela’ez (2013)

0leg BE
527w ~ — (.86 = 0.5
0lg m?2 "

0leg BE
S 2 i He ~ —(0.55+042
0lg m2 "

T




Pion Mass Dependence of Binding Energies

From resonance saturation and matching ChiEFT to the Bonn. potential model.
J. C. Berengut, E. Epelbaum, V. V. Flambaum, C. Hanhart, U.-G. MeiBner, J. Nebreda, and J. R. Pela’ez (2013)

~—0.86+0.5 BE.;(m. = 82 MeV) ~ 3.4 + 0.7 MeV
0lg m?2
m}:r)hys
0 lg BE4H€
~ —0.55 £ 0.42 BE«; (. = 82 MeV) ~ 38 +7 MeV
0lg m?2 e




Pion Mass Dependence of Binding Energies

From resonance saturation and matching ChiEFT to the Bonn. potential model.
J. C. Berengut, E. Epelbaum, V. V. Flambaum, C. Hanhart, U.-G. MeiBner, J. Nebreda, and J. R. Pela’ez (2013)

~ —0.86£0.5 BE.;(m, = 82 MeV) ~ 3.4 0.7 MeV
0lg m?2
m}:r)hys
0 lg BE4H€
~ —0.55+0.42 BE«, (m_ = 82 MeV) ~ 38 £ 7 MeV
0lg m?2 e

Extrapolation to symmetric nucler matter at saturation density (?):

E(m, =82 MeV)  E(m?™)
A A

— (3£ 1.5) MeV



Pion Mass Dependence of Binding Energies

From resonance saturation and matching ChiEFT to the Bonn. potential model.
J. C. Berengut, E. Epelbaum, V. V. Flambaum, C. Hanhart, U.-G. MeiBner, J. Nebreda, and J. R. Pela’ez (2013)

~ —0.86£0.5 BE.;(m, = 82 MeV) ~ 3.4 0.7 MeV
0lg m?2
m}:r)hys
0 lg BE4H€
~ —0.55+0.42 BE«, (m_ = 82 MeV) ~ 38 £ 7 MeV
0lg m?2 e

Extrapolation to symmetric nucler matter at saturation density (?):

E(m, =82 MeV)  E(m?™)
A A
A modest increase in the binding of nuclear matter at @ = !

— (3£ 1.5) MeV



Can interactions favor ¢ = i in neutron matter ?

ChiEFT at N2LO, with simple assumptions about

short-distance forces. AL, = Ep(my) — Eint(m}?hys)
m2 —
mn — m() 4 Gym > g 10 Pure Neutron Matter
(mﬂ)phys -
S
2 = 7
My E
gy =constantand /., =f,| 1 + PPy £ -10
&
( ﬂfo) < N*LO sim 500/290 MeV
O
)
. . : _ -
Variation of D, in azllmlted range &;5 MBPT order
01 - Dymy 01 2 S third
_ < H = 6 < V. EB second
IS, éﬁ Hartree Fock
Cut-off variation is significant .. suggesting 120 110 100
missing short-distance pion mass dependent Pion mass m, [MeV]

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



Can interactions favor ¢ = i in neutron matter ?

ChiEFT at N2LO, with simple assumptions about

short-distance forces. AE_ = E, (m)— E,_(mP™®
m2 .
mn — m() -+ 0., % 10 [ Pure Neutron Matter
(m%)phys =}
"
2 = 7
My 3
gy =constantand [, =f,| 1 + 4 £ -10
(47fo)* > :
ﬂ N°LO sim 450/290 MeV
)
. g : . -
Variation of [, in a limited range s E .
) 2 15, variation
Dzmﬂ. 3 n=0.1
—0.1l<yp=—-=-<0.1 % - 0.1
C 5 (I,
ISO LT:J: n = 0.0
Cut-off variation is significant .. suggesting 130 120 110 100 90 80
missing short-distance pion mass dependent Pion mass m, [MeV]

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



Can interactions favor ¢ = i in neutron matter ?

ChiEFT at N2LO, with simple assumptions about

short-distance forces. AE_ = E, (m)— E,_(mP™®
m2 .
mn — m() -+ 0., % 10 [ Pure Neutron Matter
(my%)phys =}
T
> = 7
My 3
g4 =constantand f_=/f,| 1 + /4 ) £ 10
&
(4rfy) S
Variation of [, in a limited range s E .
D 9 ng:J 15, variation o, .
_ 2m71' T n=0.1 Christian Drischler
—0.1 < N = —— < 0.1 > -
Cl %D n=-—0.1
%0 Lg =00 n = 0.16 fm™°
Cut-off variation is significant .. suggesting 130 120 110 100 90 80
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Axion Condensation in Mean Field Models

Using our preliminary ChiEFT results we p
constructed mean field models. urc¢ neutron matter _
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Light QCD Axions (¢ < 1) Condense in the Crust
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 For € < 0.1 ordinary matter is only metastable.

o Large objects, which we call & balls, can be favored at zero pressure.

 Equation of state of matter is qualitatively altered at low pressure.



Improved Constraints on € from NS Glitches

Glitches, rapid spin-up of neutron
stars requires a NS region in which a

Constraint from no drip];ed neutrons

. " . . 10_9? / / Qo /x
superfluid coexists with a solid. 010 ] - o R 7
= C
. o
In the standard scenario, neutrons 107 4
drip out of nuclei in the inner crust  — 10 "4 /
| 13 //'
when 1013 3 |
=" 1
CDU 10-14 / (O
Z 1 Apulk — / ( : \//
X ~ 5 1 ~ (0.3 \LE 1015 E Y
aSym : 1016 ,____._J‘ ._‘ ‘L
- - -17 ool |2 ) 7 (A) Ko =0
When axion condense at inner crust ' : , &) & — 08
densities, neutron drip is disfavored. 1075 » %_,‘ e (O)K, = 016
. . . 10_19 - :: EEI| 3| mEI| ?|. TTTIT J‘: R fjl ||||||f|q| RERLL| %| ||||||f|1| BRI {]| ||||||||;!| ERRN| ;‘: RERLL| q| ||||||f|r}| ||||||f|1
There is too little superfluid to W0 AT 40T AT AT AT 0T 0T 40T 0T 40T 0T 40T A0
explain glitched observed in the Vela My [eV]
pulsar.

R. Kumamoto, J. Huang, C. Drischler, M. Baryakthar, and S. Reddy (2024)



Improved Constraints on € from NS Glitches

Glitches, rapid spin-up of neutron
stars requires a NS region in which a

Constraint from no drlp];ed neutrons

. . . . 10~ = 7 7 7
superfluid coexists with a solid. I @@@f/ S SN ?
E SN A
] (%) 2
In the standard i t 10 S & S 7
N the standara scenario, Neutrons = % o // 60?1)@ /,_;/
drip out of nuclei in the inner crust ~ — 1073 / g /%,y 2
h | 10—13 ; //' / é @@
when > 07 / " &
CDU 10—14; / ‘ / kw,/fgg@
/ | Agulk — ?/ ( : \// ,/
X ~ 5 1 - ~ (0.3 \LE 1015 E Y ;éf’{
aSym : 10-16 ;_ J l éz‘?’/
. . 017 ] | alp (A)Kg =0
When axion condense at inner crust 2 077 = (B)K, — 008
densities, neutron drip is disfavored. 1075 » %—*‘ — () K, = 0.16
10_19 - R | R AL DAL UL LAY DALY AL RULLUSLRRLILL BN BRALLL LA AL
There is too little superfluid to R R A R R R SRR
explain glitched observed in the Vela My [eV]

pulsar.

R. Kumamoto, J. Huang, C. Drischler, M. Baryakthar, and S. Reddy (2024)






