X

parameters using neutron star M-
R measurements

Chun Huang
WUSTL physics/UvVA
arXiv: 2303.17518

Collaborators: Anna Watts, Geert Raaijmakers,
Laura Tolos, Constanca Providéncia

2023/06/29
UW, INT workshop



Contents

O Data we are using

a) NICER mission
b) Gravitational Wave detection

O Real physical model constrain
a) RMF model construction
b) Current observation study
c) Future case study

d) Future-X cases study

O Conclusion



How we constrain EoS

Micro physics

matter

CCCCC

AAAAAAAAA

EEEEE

NNNNNNN
rrrrrrrrrr

RE

OPE

CCCCC

OOOOO

eeeeeeeeeeeeeeeeee

NNNNN

= [
Superfluid (neutrons) i b v

Superconductor (protons)

Atomic nucleus

~
Vortex
lagnetic ————) /

flux tube

Neutron Star

P(p)

Equation of State

M

Mass and Radius

4—

Detectors



Neutron star Interior Composition Explorer
NICER mission:

O “To the study of neutron stars through soft X-ray timing”

300




e
e

.
.
Sk

e
.
it
.
i

=
L
i
i
R
T
-
i
i

S

s

i

gt
i

s
T

T
b
-
S
L
L
Rt

=
e
i
e

-
S
e

i

.
.
1

.

i
-

.
.
i

=
|
=
=

"

e

e

B

e

L
o

L
=
e

-

s
il
i

i
.

SR e
o HiEmmm
.

s
i

i
e

s

-
.
g

i
e
i
o
i
e
=

L
I
B

i
i
L
-

o

.

L
o
e

il
L

bt

i

i

-
B
o -
i :

-

Hi
B
I

i

%
i

i
i

S
i
,1;1--5

S
e e
e
e e
e e
e
e =
e
S
o =
S
e
S
S
s
Eea
+

-

e
-

.
-
.
o

e
o
%

L

it
.

i
e
il

L

B
R
R

i

i

ten
iy

i

=
=
S
S
SaEi
-

i

e
i
i
e
i
i

i

=

S
S

e

o
e
il
i
o
i
il
i
o
i
il
G
e
i
S
L

i 1:H
P
d

ERTERTR
i
i
i
el
ok

R
i

S
s
S
S
S
e
e
S -
s
s
CoEe
e
e
Sdenda e
-

o
B
o

*
s

.
i
i

o

B
L

B s i
-
i
i
i
s

i
.
s

i
i

-
.
s
i
i
e
L

i
e
S

o

M
S
i

o
o
=
o
.

.

S

=

-
I
-
S
e
i
L

;|

e

i
o
i
.

i

i
o
e

Srened

i
Hi
o
o

i

o
o
.
i
o
il
W
o
e
i
o
i

=

o
-
L

e

e

i
.
i
L
i
i

i

i
L
i

i
i
L

o
-
i

o

i

il
o

=
i

RS e

=
i
(i

Lt
e
i
(sl

e
e
e
i
-
o
1

o
i
-
.
i

i
T
=
L
.
i
o
L
i
o
e
L
i

o
i

s
o
cai
(o
e

2

-
i

Ll

e
e
-
e
e
e
i
S
S
L
St
e
i
i
e
o
o
-
i
i
e
*"&%

-
-
-
e
-
.
=

i

i
i
i
i

-
i
o
.
B
i
o

e
"
L
Lo
i
.
L

o
B
i
e
i
.
Sol
=
i
o
e
e
i
il
i
i
.
%.,"':&*"’

.
e
-
-
o
0
i
i
i
=
iy
0

S s

sl
-
i

it
e
.
oy
i
e
.
.
.
Hi
it
i
S
it
.
i

-
o
i
i
o
S
"

,(;0-
i
e e
-

o

i
e
i
S
i
-
i

L

i
phen
o
i
=
L
it
o

.
o

o
Ll
-
T
2!
o

-

i
-

i
-
i

-

i
e
.
-
i

e
i
o
o
i
L
ol

o

i
e
=
i
L
e
.
2
i
T
e
i

o
o

i
i

o
o

o
L
o

=
i

o
.
2
0
0
.
i
L
i
S
i

Bl
e
i
o
o
L
o
-
-
-
-
o
-
-

0
e
=

i

i
S
i
i
i
.
i

i
i

i
i
i
.
i
.

i

%ﬁ.
.
-
o
o
i
-
o
o
i
-

i

o
v

-
i

i

B

i
.

-
.
-
e
e

o
i
-

i

S
i

0
i

i

emnsiae

i
T
i
e
.
i
-
S
i
Lol
e
i
i
o
I

i
.
.
.
o

i
.
-
o
=
i

-
.
o

-
=
!
i

0

el
L

*'1'
it

e

i

L
i
e
b
e
i

i

i
!
i

L

o
i

i

i
i
Sl

i

i
e
L
sizdi
T
bt
2!

i
0
i
2
T
el

.

.
i
-

i
i
i

Ao

i

i
£
e

i

L

i
T

-
-
o
G
T
ey

i
.
o
-
.
i
!
il

=

L
-
.
b
i
i
i

(i

.
|
il
.
e
L
-
i

i
s
o

o
(i

i
§
i

G

S
M@W
i

y:

=

E B
-
bt

i
i
o
CEE

i
o
i
i
o

e

P
pErst
G
i
S
e
D
o
i
e

HEH
S
.
it
|

e
5
i

S
e
B

el

=
=
B
==
-
=

Lt
T
e

T

*
RES
e

o
el
e

i

L
e

i

i

Ll
-
e
o
T

L
L

L
L
e

L
-
i

,,
bt
i

i
.
.
P
e

i
e
i

i

-

el
S

e
e
Lt
i
=
i

o
.
i
o
2!

gt
o
2!

e
S

-
P
L
e
e
iy
S
e
a

L
e
Ll
R
S
S
i

!
.
!
-
L
i
i

i
o

=
-
i

o

W
i
=

G
e
i

=
,,:l'
S

Sk
i
e

.

.

+",,;-§. :

~xo
Ity
i

o

L
e
s
o
-

i

i
o

e

.
.
i

s esiae
i
.
i b
i gb
L

i
=
i
e

C e

i

o

i
-
i

o

i
s
i

- i
- %.?I:v

S
e
s

e =
e
S
S =
e B =
S e

e e e
e i o
s L
e e

it
e
e
Lt

e
e
L

w

i
L
i

i

i
,,;b
B
o
.

-

i

-

I R T o

B

SEae
S
R

L

-

i

0
0

i
S
i e S e n
e

i i i

i




Neutron star Interior Composition Explorer

] —1o7+Li4
Clesg = 12.714113
Dy, = 0.787013

ST+PST
Clgsy, = 0.16*3 !
0 Dy, = 2.7840%3
0.175 ‘
g /
< ‘
= 015}
) \
0.125 Clggse = 1.34701
|- Dy, = 1.2
/ \
/ \
/ \
7 D —--..___\
/ T ——
AN o) O
PP P
R [km| M/Ry M M)

PSR J0030+0451 M-R (Riley+ 2019)

) - +1.2%
Clgsy = 12884133

Dy =0.64 STU-3C50
— STU-3C50+XMM
STU-3C50-3X+XMM
— STU-3C50-334+XMM
—— STU-3C50-23+XMM
Clggx =0.238+0018
' Dy =0.69
0.32
0.28
0.24 g :
0.2 ' ~ -
|/ | Cless =2.07570%7
wE : Dy =0.00
2.4
2.25
2.l
I.95
1.8
XX A;b S °> PXC
Ry [km] MIR., M M)

PSR J0740+6620 M-R (Salmi+ 2022)
(update compared to Riley et al. 2021,
uses NICER 3C50 background)



GW1/0817

Normalized amplitude
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How we constrain EoS

Micro physics Equation of State Mass and Radius
' ' - P(p) M
¥ c¢* G‘v" 6
Co e es
geieeieel . [PEID) x n(()PAL R D)
gosgeste’
ST ACT A » -
| B
<+“—> 4—
oy 9= Detectors
- T !_ s j/
10

Neutron Star




How we constrain EoS

Equation of State

Micro physics
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P(p)

M

P(0|D)) xn(0)P(M, R | D)

Mass and Radius

4—

Detectors

11




Contents

O Data we are using

a) NICER mission
b) Gravitational Wave detection

O Real physical model constrain
a) RMF model construction
b) Current observation study
c) Future case study

d) Future-X cases study

O Conclusion

12



Moving to a more physical EoS model

» We would like to test a more physical EoS.
Relativistic mean field theory construction:

sigma meson, rho meson, phimeson.....

Hypothetical Lagrangian
P Jrang neutron, proton, hyperon.....

equation of motion Controlling equations of fields

things we need....

EoS ingredients (P, rho)

13



Relativistic Mean Field Model
L= Ly+Lm+ ) L
- ,

baryon || meson lepton

S L= 3 U0 — oy + 6,0
N N

_gw')’uw” - gp'Y,qu ' ﬁp) lI’N:

D L= Pye7,0" — mi)i,
l l

1 1
Ly = E paa‘ua — —mis?® — i(gao')?,
1 .. 1
1 — UV = 1 - — - —
- 4R R+ Emf’pﬂ - B* + Mug?B, - B Ewuw”,

s + g ()

O FSU2R, Z272v, FSU, IUFSU, TM1wp, TM1e, TM1-2wp and Big Apple....

Many EoS model are based on this same framework.

O Since all of them are in the same framework, we can do direct evidence
computation for each of them using Bayesian inference.

14



Free Parameters

RMF construction
+

[I{. A C Aw] [9(2,]\; g?)N gij\a m, my, Mg

Infinite number of
Nucleonic EoS models

25 ; . . -

25
2.0t

15}

M [Mo]

1.0

0.5+

045 11 12 —_ 13 14 15 i T v R[lsm] I " =
o meson self interaction quadratic self-coupling of the w meson
15




g, = 10.4037%:322

Jw

9p

L lg, =11.8341738471

K = 2.465*1338

Ao

lAo = 0.0035*
Voot

¢ =0.02275*399471

Aw

—— Post K constraint prior
—— Current Observation

Prior distribution:
» Reflect our minimum knowledge.

“Flat”: we know nothing but hard cut
“Gaussian”: some value we believe is more likely

Combining all current observations:
GW events(GW190425, GW170817),
NICER results (JO030, J0740), Radio
timing (JO740 mass)

1 -
il Ay = 0.0225%39123
1 1

16




Jw

9p

Ao

Aw

g, = 10.4037%:322

gw = 13.254+9783

L lg, =11.8341738471

= 2.46513%

—— Post K constraint prior
—— Current Observation

Combining all the current observations: GW
events(GW190425, GW170817), NICER results
(JO030, JO740), Radio timing (JO740 mass)

» We are sensitive to zeta, since it determines

0.0095
0.00916

lAo = 0.0035*
Voot

¢ =0.02275*399471

the stiffness.

28

26

T
)
<
o2

120

5
R [km]

30

140
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Jw

9p

Ao

Aw

g, = 10.4037%:322

gw = 13.254+9783

L lg, =11.8341738471

= 2.46513%

IAq = 0.0035:3:833%,

Combining all current observations: GW

—— Post K constraint prior
—— Current Observation

events(GW190425, GW170817), NICER results

(JO030, JO740), Radio timing (JO740 mass)

> itis still not possible to extract strong

constraints on all of the model parameters.

¢ =0.02275*399471

§- 0.022575:912

T
)
<
o2
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The importance of knowing radius ....

AD — 0.00334-0.0096

—0.0090

Mass + MR

‘- measurement

M A
w/o J0740 Radius
measurement
With J0740 Radius
measurement
— +0.0048
¢ =0.022775 0048
-
1
1
1

| M

> It is good to know that single radius

measurements can have such a

significant effect.

R
Two MR
measurement
<>
R

19



M [Mo]

3.00

2.75}

2.50F

1.50}

1.25¢

Model comparison

- FSUGarnet
w— FSU2
— FSU2R
\ - BigApple
\| TM1-2wp
| |=—— NL3
| —— IU-Fsu
— MAX

_______
s

=~

e

1'001

i - 3 L ! 1 / 1
11 12 13 14 15 16
R [km]

Model 8N A s Evidence
FSU2R 182.3949  -0.00168 0.024 0.8724
T™MI1-2wp 1563384  -0.00474  0.012 0.0788
NL3 165.5854  -0.01591 0 0.0032
FSU2 183.7893  -0.00053  0.0256 0.7380
IU-FSU 169.8349  0.00030 0.03 0.0577
FSUGarnet  187.6947  -0.00355  0.02350 0.7558

BigApple  151.6839  -0.02174  0.0007 4.0x 1076

MAX 174.337 0.0043 0.0235 1

p(92) x p(g%) x p(¢)

Evidence =

pmaX(gE;) X Pmax ( ) X pma.x

» Using the three decoupled parameters, we can compute evidences for
different models, and test their reliability given the current observations.
Some of them appear to be disfavoured.
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Proton fraction and speed of sound

0.200

0.175¢ 0.6r

0.150¢ 0.51

0.4r

0.31

fraction of proton
o o o
o = =
~ o N
w o w

0.2
0.050¢

0.1r
0.025¢

0.0r

0.000

density[ngp]

density[ng]

» We can derive the proton fraction (related to cooling) and speed of sound
constraints from current observations.
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Jw

9p

Ao

Aw

g, = 10.4037%:322

gw = 13.254+9783

L lg, =11.8341738471

= 2.46513%

IAq = 0.0035:3:833%,

Combining all current observations: GW

—— Post K constraint prior
—— Current Observation

events(GW190425, GW170817), NICER results

(JO030, JO740), Radio timing (JO740 mass)

> itis still not possible to extract strong

constraints on all of the model parameters.

¢ =0.02275*399471

§- 0.022575:912

T
)
<
o2
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Jw

9p

Ao

Aw

g, = 10.4037%:322

—— Post K constraint prior
—— Current Observation

Combining all current observations: GW
events(GW190425, GW170817), NICER results
(JO030, JO740), Radio timing (JO740 mass)

L lg, =11.8341738471

> itis still not possible to extract strong
constraints on all of the model parameters.

= 2.46513%

WHAT IF WE TRED
MORE POWER?

/

IAq = 0.0035:3:833%,

¢ =0.02275*399471

§- 0.022575:912

23




Probe class observatory Ray et al. 2019. Follow @STROBEXAstro on Twitter.

Larger effective area, broader band coverage than NICER
Proposal being prepared for NASA Probe-class mission call due November 2023
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Effective area m?
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— eXTPLAD eeeees Athena
[ —=—— eXTP SFA XMM

100

Energy (keV)



Future case: near future capability

3.00

= BPM260
TM1-2wp,pn

15 16

O[1,2, 1.4, 1.9, 2.0, 2.1, 2.2] M, PSR J0740+6620 (2.1 M), PSR
J1614-2230 (1.9 M) and PSR J0437-4715 (1.4 Mg).

O six +/- 5% uncertainty M-R measurements along two different “ground- 5+
truth” EoS. ONLY consider the X-ray (M-R) measurements
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gs = 10.37479:381

—— Post K constraint prior
—— Future
£ i g, = 130785880
> With six 5% M-R measurements, the
constraint is comparable to that achieved by
107 |1 I N — current multi-messenger observations.
/] i
l Lﬂ‘:zj':d!:{
‘ | K =2.3367}3%¢
/ |
— ho = 0.00336+452
A2 | i
=
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gs = 10.37479:381

Ju

9o

+0.8751
8—0 6051
]

i g, =117173+3931

=2.336713%*

Ao = 0.0033679:99943

—— Post K constraint prior
— Future

» With six 5% M-R measurements, the
constraint is comparable to that achieved by
current multi-messenger observations.

Ao

Aw

7 =0.02146%

1
i Ay = 0.02291Q9128




Ju

9o

Ao

Aw

gs = 10.37479:381

g, = 13.078'3%73}

i g, =117173+3931

=2.336713%*

—— PostK co
—— Future

nstraint prior

» With six 5% M-R measurements, the
constraint is comparable to that achieved by
current multi-messenger observations.

Ao = 0.0033679:99943
[

9

¢ =0.02146+399332

1
i Ay = 0.02291Q9128

WHAT IF WE TRED
MORE POWER?

/
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Future-X case:

3.00

m— BPM260
TM1-2wp,pn

2.25F

2.25— T A

-y,

104, 11 12 14 15 16

O[1,2, 1.4, 1.9, 2.0, 2.1, 2.2] M, PSR J0740+6620 (2.1 M), PSR
J1614-2230 (1.9 M) and PSR J0437-4715 (1.4 Mg).

O six +/- 2% uncertainty M-R measurements for two different “ground-
truth” (injected) EoS. This is a “best-case” study



go = 10.103703%,

—— Post K constraint prior
—— Future-X

g, = 12.56879:533

» With six 2% measurements, all of the
parameter distributions start to be re-shaped,
which means they are being constrained by
the observations.

1 gp=12.217135

K =3.273+1971%
[} 1]

LAy = —0.00604:3:987%2

¢ =0.01376+399318

1
LAy = 0.0225%35178
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go = 10.1026*53304

—— Post K constraint prior
— TM1 - 2wp Future
w = 12.56797]538¢ — TM1 - 2wp Future-X

H » With six 2% measurements, all of the
parameter distributions start to be re-shaped,
which means they are being constrained by
the observations.

Ju

: » The central value of the distribution will
w =i pecome closer to the “ground-truth” value.

» Our inference recovers the injected EoS!

Mo = —0.0060*5 8873

7 =0.0138+3:9938

Ay = 0.0225+30138
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Conclusions

» We have considered a microscopic nuclear model based on a field
theoretical approach. and derive constraints from
O All current observations,
O Future observations (Future)
O Best-case future observations with e.g. STROBE-X/eXTP (Future-X)

» With Current observations, we can constrain on the proton fraction and
speed of sound, can compute evidence for all the models based on the same
framework.

» When upgrading to the Future case, it just comparable with current multi-
messenger observation constraint (using M-R alone, so we can crosscheck
with GW).

» When upgrading to the Future-X case, we can constrain the whole parameter
space and recover the underlying EoS using X-ray observations alone.

» Next, Hyperon degrees of freedom will be added! We want to explore how
future observations could inform this — important work for science case for

future missions. 34



Thanks !!!
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go = 1048997433/

9., = 13.1949737772

K = 1.9036"

1.2976
1.1846

T
:
b
bl
o | Ao = 0.0019+5:3388
] "
1 "
1 "
!
!
Pl

—— Post K constraint prior

—— Future-X

{=0.0119"

0.0036
0.0035
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