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Motivation

* EOS of dense nuclear/QCD matter still unknown, requires input from fundamental theory +
NS observations
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g
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* EOS of dense nuclear/QCD matter still unknown, requires input from fundamental theory +

Motivation

NS observations

* Previous works with pQCD constraint see some nonconformal = conformal transition
along physical NS sequence, while other works without it do not
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Motivation

* EOS of dense nuclear/QCD matter still unknown, requires input from fundamental theory +
NS observations

* Previous works with pQCD constraint see some nonconformal = conformal transition
along physical NS sequence, while other works without it do not

_ Is the transition a genuine (p)QCD
Question: prediction, or a result of interpolation
through 2 orders of magnitude in density?

Past Our past work has all been with hard cuts &
weakness: not full measurement uncertainties
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How to feed down QCD input to lower densities -

Komoltsev and Kurkela, PRL 128 (2022) (KoKu) ‘ E
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provides Ap ., Ap_ . must be
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How to feed down QCD input to lower densities

o = [E]
Komoltsev and Kurkela , PRL 128 (2022) (KoKu)
10%: E
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Integral ~ PQCD A
5 _ constraints _
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500 1000 5000 10°
Energy density € [MeV/fm°]

Want to use this n = 10n_region as high-density constraint
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Setup

TG, Komoltsev, Kurkela, 2204.11877

* Use Gaussian-Process regression in auxiliary variable
@(n) = —In(cs%(n) — 1) to extend CEFT EOS to 10n,

Similar to Landry & Essick Phys. Rev. D 99 (2019), but for function of n instead of ¢

* Condition with low-density CEFT EOS

95% Cl matching spread of Hebeler, Lattimer, Pethick, Schwenk Astrophys. J. 773 (2013),
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Setup » N1

TG, Komoltsev, Kurkela, 2204.11877

* Use Gaussian-Process regression in auxiliary variable
@(n) = —In(cs%(n) — 1) to extend CEFT EOS to 10n,

Similar to Landry & Essick Phys. Rev. D 99 (2019), but for function of n instead of ¢

* Condition with low-density CEFT EOS

95% Cl matching spread of Hebeler, Lattimer, Pethick, Schwenk Astrophys. J. 773 (2013),

 Use hierarchical model, with:

p(n) ~ N(‘ In(cs = —1),K(n, n’)), K(n,n') = ne=(=n")"/2

* With the hyperparameters themselves drawn from Gaussian
distributions:

c: ~ N(0.5,0.25%), ¢ ~ N (1.0ns, (0.25n5)%), n ~ N(1.25,0.25%).
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Setup

TG, Komoltsev, Kurkela, 2204.11877

* Use Gaussian-Process regression in auxiliary variable
@(n) = —In(cs%(n) — 1) to extend CEFT EOS to 10n,

Similar to Landry & Essick Phys. Rev. D 99 (2019), but for function of n instead of ¢
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Setu I
P EN
TG, Komoltsev, Kurkela, 2204.11877 \’

1. Use Gaussian-Process regression in auxiliary variable
@(n) = —In(cs*(n) — 1) to extend CEFT EOS to 10n.

2. Fold in NS observations with full uncertainties

* High-mass pulsars (PSR J0348+0432 and PSR J1624-2230)
Approximate as Gaussians

« GW170817
Joint distribution on g and A

* NICER measument (PSR Jo740+6620)

Joint distribution on M and R

3. Fold in QCD input as constraint at 10n_
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Setup: Bit more about QCD constraint/likelihood Eﬂm
TG, Komoltsev, Kurkela, 2204.11877 \’

. : . From TG, Kurkela, Paatelainen, Sappi,
1. . .
Define triplet of thermodynamic properties Vuorinen PRL 127 (2021), PRD 104 (2021)

! _ _3A X € [1/2, 2] usually quantifies
Baco(X) = {Paco(Hy» X)s Naco (M, X)s Uyt, X = m renormalization-scale dependence

1.0mm———————r—
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Setup: Bit more about QCD constraint/likelihood EM b

EN J
TG, Komoltsev, Kurkela, 2204.11877 :

. : . From TG, Kurkela, Paatelainen, Sappi,
1. Define triplet of thermodynamic properties: Vuorinen PRL 127 (2021), PRD 104 (2021)

- 3A X € [1/2, 2] usually quantifies
BQCD (X) - {pQCD (“H7X>7 nQCD (“H?X>7 l’lH}7 X = ﬁ renormalization-scale dependence

g
~
NN
us [GeV]
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Setup: Bit more about QCD constraint/likelihood =

TG, Komoltsev, Kurkela, 2204.11877 =

From TG, Kurkela, Paatelainen, Sappi,

1. Define triplet of thermodynamic properties: Vuorinen PRL 127 (2021) PRD 104 (2021)

3A X € [1/2, 2] usually quantifies

Baco(X) = {Paco(Hh: X), Naco (Hu: X), Bty XK= 24,  renormalization-scale dependence

2. KoKu construction gives Ap . Ap__ between 10n_and pQCD for each ..

min’

P(QCD | E0S) = /dBHP(BH)1[APm'n,APmax] (Ap) Indicator function: 1s(x) = {? ) géSS
X €
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Setup: Bit more about QCD constraint/likelihood
TG, Komoltsev, Kurkela, 2204.11877

From TG, Kurkela, Paatelainen, Sappi,

1. Define triplet of thermodynamic properties: Vuorinen PRL 127 (2021). PRD 104 (2021)

3A X € [1/2, 2] usually quantifies

Baco(X) = 1Paco (K, X), Naco (Hw, X), Hnt, X = 24,  renormalization-scale dependence

2. KoKu construction gives Ap . Ap__ between 10n_and pQCD for each ..

min’

P(QCD | E0S) = /dBHP(BH)1[Apm'n,APmax] (Ap) Indicator function: 1s(x) = {? ) ¢SS
X €

3. Create distribution on these properties at high density

P(By) = [ dltnX)w(tn )8 By~ Bacol))s  wllnX) = Tpncyzy may (1)

suggested by Cacciari & Houdeau, JHEP 09, (2011)
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Setup: Bit more about QCD constraint/likelihood

TG, Komoltsev, Kurkela, 2204.11877

Weight of (e, p) points at n = 10n,
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Results
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Results
o e
TG, Komoltsev, Kurkela, 2204.11877 —

Pulsars

o o
N (@)
Ul )
Posterior likelihood
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Results
TG, Komoltsev, Kurkela, 2204.11877
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Results N[
TS
TG, Komoltsev, Kurkela, 2204.11877 \.’

1. Inputs complementary Pulsars

/S

resample proportional to likelihood
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109 N
[ Pulsars+A+QCD
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% 10714
©
Q o
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2. QCD input pushes the EOS
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Results

TG, Komoltsev, Kurkela, 2204.11877

1. Inputs complementary

1.0 ...... =06 QCD

-—- g=0.7

2. QCD input pushes the EOS
towards conformality

0.8 1
0.6 1
3. QCD input implies BH formation

0.4

024

Probability for black-hole formation

1 Pul +A+QCD
GW170817 HiSars+/+QC
B [ 1 Pulsars+A

0.0 Prior
0.9 1.0 1.1 1.2 1.3 1.4
Mchirp [Mo]
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Summary

* Should use QCD input in analysis of NS-EOS inference; it impacts
the inference!

Jupyter notebook available on Github: OKomoltsev/QCD-likelihood-function

« QCD input at 10n_drives approach to conformality in TOV stars / at
high densities, as indicated in hard-cut analysis

* QCD input complementary to NS observational inputs

QCD input implies BH formation for most NS-NS mergers
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Summary

* Should use QCD input in analysis of NS-EOS inference; it impacts
the inference!

Jupyter notebook available on Github: OKomoltsev/QCD-likelihood-function

« QCD input at 10n_drives approach to conformality in TOV stars / at
high densities, as indicated in hard-cut analysis

* QCD input complementary to NS observational inputs

QCD input implies BH formation for most NS-NS mergers

Thanks for your attention!
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Aside: pQCD Likelihood dependence on -

1751 1.0
1.50
5 0.8
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=
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= 1.00] 068
O
O, 2
g 0.75' =
2 04 £
& 050 .
0.251 0.2
0.001 0.0
15 20 25 370 1.5 2.0 25 30 15 2.0 2.5 3.0 '

Energy density [GeV /fm?] Energy density [GeV /fm?] Energy density [GeV/fm?]

<

More restrictive, but pQCD less trustworthy
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Comparison with other recent work -
o =[]

Somasundaram, Tews, Margueron (2204.14039) perform conservative analysis with QCD
input, broadly consistent with our results:

* Apply QCD input exactly at the TOV point

* Find QCD input constraints for most X
values - only small range near X = 1/2 not

constraining beyond astro a
a
0 250 500 750 1000 1250 1500 1750
ploV [MeV fm~3]
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scopy in NS matter | TylerGorda | 27 UNIVERSITAT  Ggp° DARMSTADT g:\g\slggﬁlw =5

AAAAAAAAAAAAAAA



EL ’\

Comparison with other recent work

Somasundaram, Tews, Margueron (2204.14039) perform conservative analysis with QCD
input, broadly consistent with our results:

1 _Causality + Integral pQCD constraint - ;

4 All EoSs
pQCD only

1 Astro only

] Astro + pQCD

I
o

* Apply QCD input exactly at the TOV point

w
w

* Find QCD input constraints for most X
values - only small range near X = 1/2 not
constraining beyond astro

w
o

N
w

* These EOSs with X = 1/2 need very specific
behaviour beyond n__ to reach pQCD

=
wu
1

=
o
1

Baryon number density [Nng,¢]
N
o

(6]

1. PT at ntoy of An =20ns (An/n=4), or | & | B — .

10'00 12'00 14'00 16'00 18I00 20'00 22'00 24'00 2600
2. PT at noy + 0.2ns of An =30ns (An/n = 6) Baryon chemical potential [MeV]

o

c.f. Fujimoto + 2205.03882 for signatures of such PTs
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How to feed down QCD input to lower densities
Komoltsev and Kurkela, PRL 128 (2022) (KoKu)

1. Stability

o

2. Causality

S S

L

Baryon density n [fm™]

\]
|
|
\
q
\
1

|

|

3. Consistency

i0 15 20 25
Baryon chemical potential p [GeV]
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How to feed down QCD input to lower densities
Komoltsev and Kurkela, PRL 128 (2022) (KoKu)

7,
1. Stability :
6l
2 :
PO() <0 = un(y) >0 :
— St
A
2. Causality =
=7
2 |
3 3
& |
> |
. 82_ v . v - > > > R
3. Consistency L
1_ > > > —> —> —> —> -
: — — = - = B — —
1.0 15 2.0 2.5

Baryon chemical potential p [GeV]
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How to feed down QCD input to lower densities ] ®

o =[5
Komoltsev and Kurkela, PRL 128 (2022) (KoKu) «
r
1. Stability |
6.
2 I
O0(1) <0 = 9,n(k) = 0 |
r—|5_
OPE :
2. Causality =
c 4_
>.. L
on n B [
CSZ_H—>1:8,JH(/J)2— S |
N 8“ ¥ T 3L
C L
o |
> |
(3] L
) m o v v d = - > > >
3. Consistency ;
1_ > —> o > —> . —> —>
: > - = = > —» —
1.0 1.5 2.0 2.5
Baryon chemical potential p [GeV]
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How to feed down QCD input to lower densities -
Komoltsev and Kurkela, PRL 128 (2022) (KoKu) Q E

7
1. Stability |
6L
2 I
0,Q(H) <0 = Gyn(u) >0 |
& O
2. Causality % | — pQCD
5 2*4’_ | e CET
p) l’l n n w | —Csz=1
C ™ = E@ >1 = oyn(y) > E g4 1 - Bpna(iono)
S = = Apnin(Ho. o)
S T —— |Integral
Lfg ol constraints

3. Consistency

Hacp
/ dun(u) = paco — pcer Fixed!

Hcer

15 20 = 25
Baryon chemical potential y [GeV]
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