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Jnderstanding the phase diagram of QCD
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~Understanding the phase diagram of QCD
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Understanding the phase diagram of QCD
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T =0 is a synthesis of theory and experiment
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Different inputs constrain different parts of the EOS
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Different inputs constrain different parts of the EOS
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Chiral EFT + pQCD + Thermodynamics constrain extreme EoSs
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Chiral EFT + pQCD + Thermodynamics constrain extreme EoSs
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Bayesian EoS inference setup

Likelihood of E0S
given data + theory

FoS Prior

P(EoS)P(data| E0S)
P(data)

P(EoS|data) =
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Bayesian EoS inference setup
Likelihood of EoS
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Bayesian EoS inference setup
Likelihood of EoS

e.g.

Weight of (e, p) points at n = 10ns

nterm

nterm | .
. e.g. given data + theory
1.01 1.75
‘ ) 1.50
0.8 :‘ EoS Prior 125
9 ]
/ \”‘\\ 2 1.00
e l ‘5‘ \v \ I/A\‘ﬂ\/)“ 4 %0.75
M € W
04l /‘” 1\\‘ ,«\ .(/ \’\ \ £ 0.50
\ MA .o
A,’QQ{: “\ V/ 0.25
- ; \%{%%L P(E0S | data) — P(EoS)P(data | E0S) -
LSEDS
=2 eawrl P(data
0.0'I —— ( )
2' 21 é é 1‘0 2000
nlns]
1500

Gorda, Komoltsev, Kurkela, ApJ 950 (2023)

Constraining the microphysics of high-density QCD | Tyler Gorda (he/him

R, (km)

27.03.2024 |

< 10001

2.0 25 3.0

Energy density [GeV/fm?]

Less Compact \
\ o

More Compact

N\
s,

1000

1250



Outline

e Introduction

» Constraining the NS EoS at nwov and beyond
(231214127)

 Listening to the “long ringdown” in binary NS
mergers (2403.03246)

01.04.2024 | Probing the behavior of strongly interacting matter at the highest densities | Tyler Gorda | 20



What does pQCD add to astrophysical data?
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Quantifying the tension with perturbative QCD

Komoltsev, Somasundaram, Gorda, Kurkela, Margueron, Tews 231214127
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Quantifying the tension with perturbative QCD
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Quantifying the tension with perturbative QCD
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Quantifying the tension with perturbative QCD
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Softening of the EOS at nrov depends on Nierm

Komoltsev, Somasundaram, Gorda, Kurkela, Margueron, Tews 231214127
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EXamining Nierm = Ntov: Many EOSs have high Iyqcp

Komoltsev, Somasundaram, Gorda, Kurkela, Margueron, Tews 231214127
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Extending stiff EoSs indeed show strong, prolonged softening

Komoltsev, Somasundaram, Gorda, Kurkela, Margueron, Tews 231214127 o
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Conditioning with pQCD c¢,? leads to robust softening
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Conditioning with pQCD c¢,? leads to robust softening
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Conditioning with pQCD c¢,? leads to robust softening

Komoltsev, Somasundaram, Gorda, Kurkela, Margueron, Tews 231214127
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Evolution of a BNS merger - focus on post-merger phase

(t—trg) / M Power Spectral Density
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Known correlations between f,and the EOS

(c*/GM) Ry,
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Known correlations between f,and the EOS

Past works using individual models have seen
correlation between f, and the underlying EOS

01.04.2024 |

Bauswein, Stergioulas, PRD 91, 124056 (2015);
Takami, Rezzolla, Baiotti PRD 91, 064001 (2015);
Rezzolla, Takami, PRD 93, 124051 (2016);

Bauswein, Nikolaos Stergioulas, J. Phys. G: Nucl. Part.
Phys. 46 113002 (2019)

Goal:

Can we perform a model-agnostic
analysis of the post-merger evolution,
using the same GP ensemble as before?

Can we find other correlations in the
post-merger phase?

TOV
max

(GZM?/c%) p
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>10° BNS simulations are too expensive to
simulate; need to select a small, smart sample

Focus on a few variables that characterize the
high-density part of the EQS, and one to break
degeneracy at lower densities:

(Mrov, Rrov, Ln prov, R(1.4Mg))

Consider the 4d distribution of these variables,
normalized as X = (x — X)/o, to have mean 0
and variance 1

Find the principal components in this 4D space
that capture the majority of the variance
(Vo,...,v3) — eigenvectors & eigenvalues of
covariance matrix

|
o= 01 [ o .

Crov ~

Inprov ~

Ry4~

%
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Selecting a small, smart sample of model-agnostic EOSs (2)

» We find the 4D distribution in the PCA
coordinates is primarily 3D, with prominent
triangular shape in (vo, v4) plane

 |dentify 6 “golden EOSs” near the 68% credible
region of the 3D part (+1 in center) to simulate -
we select the highest-likelihood EoSs out of the
30 closest Eo0Ss

« Simulate g = My/M; =1.0, 0.85, 0.7 for GW170817
chirp mass + diagnostics (use simple hybrid EoS
construction with fixed =1.75)
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The six “golden E0Ss”
p [10%g/cm?]
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0
1.0 — B — | ,/’ —
Flie—= — F
E%;(lS:‘ 7 ~
. I Q:
- 06f S
O
Q;(l4:j 1
0.2F 1
0.0 _
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Correlation observed in the “Long ringdown” of the HMNS

good approximation)

P

q =1 results:
L
1 Slope given by fow
merger 1 if pure quadrupole

long ringdown

2

Jaw /[ JGw

Striking linear relation between emitted GW energy E and angular momentum J

01.04.2024 | Probing the behavior of strongly interacting matter at the highest densities | Tyler Gorda

| 39



Correlation observed in the “Long ringdown” of the HMNS

good approximation)

P

q =1 results:
L
1 Slope given by fow
merger 1 if pure quadrupole

long ringdown

2

Jow/ JEy

Find that TOV properties correlated with this linear slope
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Long ring-down slope and f; are not the same

f2

b 4
| I g
§ dEcw/dJcw ;f
=4, 3 ; =
% long ringdown _E
=1 - E
I | 1 1 1 I =

1 2

Jaw/Jow

f> picks up power even during the transient first few ms, and it is
measured from Fourier transform, instead of linear fit to emitted Egw, Jow

We find dEgw/djow better correlated with the TOV point (though both are
well correlated)
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Slope Is correlated with the TOV pressure and density

=
o
i

PTOV [GeV/fm3]
=
i

85 T (¢ =0.7] ]
g | I } :
r T ‘_
= 6f T :
> [ ]
o [ i
=
< 5 X D_| e}
I + E
i 1 * F ]
L L | L L L | L L1 | | L L | L L L ] L | L L L R 1
3.0 3.5 3.0 3.5 3.0 3.5
dEgw /dJow dEqgw/dJow dEqw /dJcw
. dEcw
Use bilinear model : d] = BO —+ B1nTO\/ + szTOV -+ B3C] + B4nTOV -q + B5PTQV -q + B6nTOVpTOV
GW
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Use correlation in a simple mock measurement

L , Joint likelihood from
New component of likelihood in measurement (assumed

Bayes’s Theorem multivariate Gaussian in

\ f, and slope)

P(data|EOS, q) = /dfz d(dﬁgw/djcw) /

X Pmeas (data|f27 dEGW/deW7 Q)
X Pmod(dEGW/deW7 f2|EOS, Q) ’

\

Bilinear model(s)
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Long ringdown measurement constrains the whole EOS
p [10Pg/cm?]

0.0 0.5 1.0 1.5 2.0
il A' L A' R ',j 275 [T T T T T T T
0-TF dEaw/dJow (f2) = 4 : 2ok
0.6 T 2.9 (2.6kHz) &5* =k
- 3.2 (3.0kHz)  <¢ 2.95
5 05F S [
= f 3.4 (3.4kHz) —
& ©2.00F
; Gid [ Se=se fo only E ¥
) i — i
D 03F (£4%) = LISk
& f =

1.50 F

1.25F

o ———

100 b

1 [Tsi] R [km]
Measurement improves upon constraints from f, alone due to better
correlation (here assuming flat prior for g € [0.7,1])
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Slope Insensitive chirp mass and thermal effects

Thermal effects ()

A T - ] . R
i i 4_ 4.0 _
o OF ] 5.t :
g0 [ ] E3 3.5 §
[ ] T | 1 1
9L | | ] - z
% 51.4 1.6 1.8 E =
= 1L A: blue 1
_ merger . i
S - green 3
ok Menirp = 1.13,1.18,1.22M¢, = 5
l 1 L 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 'M
0.0 0.5 1.0 1.5 2.0 =
Jaw/J&% =

Jow /[ J&w
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Conclusions

v pQCD +thermodynamics implies softening before nroyor
Strong, prolonged softening just after, followed by ¢2= 1

Stiff EoS at nrov incompatible with pQCD c¢s? at 25-40nsa

v Marginalized pQCD input yields results independent of Niem

i 3 8 & % [ & % %
0'75'dEGW/dJGW (f2) =

-

-1
o]
-

0.6F | 29 (2.6kHZ)
3.2 (3.0kHz)
iz 02 3.4 (3.4kHz)
= 04
0.
5]
D.0.3
=8
0.2
0.1
0.0 i
0 2 4
n [nsat]

------- Astro

0.7 PR _ ---= prior GP [n1ov,40nga¢]
Toe{ © — cond. GP [nrov,40nsy]
S i . —-— cond. GP [10nsa:,40nsac]
v 0.51 -
9
Q0.4
g
2 0.3
v
0.2

NTov
0.11
0.8 1.0 1.2 1.4 1.6

Energy density € [GeV/fm?]

v “Long ringdown” in BNS mergers will constrain EoS

> PCA analysis allows us to capture ensemble
behavior

> Linear postmerger relation between GW energy
and angular momentum correlated with TOV
properties

> Yields improved constraints beyond of f;
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=
oo

Conclusions 07, B
E 0.6 ‘ —— cond. GP [nTOV:40nsat]
s . - . = I —-= cond. GP [10nss,40ng5¢]
v pQCD +thermodynamics implies softening before nroyor 2 0.5/ T
Strong, prolonged softening just after, followed by c’~1  ‘ag4
Stiff EoS at nrov incompatible with pQCD ¢:? at 25-40Nsat 7 0.3
" 02 Ntov
v Marginalized pQCD input yields results independent of niem 0.1
0.8 1.0 1.2 1.4 1.6
Energy density € [GeV/fm?]
0'75_(1@/;’7‘;(}(‘;’65{?): v “Long ringdown” in BNS mergers will constrain EoS
0.6F \ . ; 7z ]
o 3.2 (3.0kHz) > PCA analysis allows us to capture ensemble
o 00 3.4 (3.4kHz) behavior
%\0‘45 > Linear postmerger relation between GW energy
2.03f ik and angular momentum correlated with TOV
~ 0.2 ul properties
0.1 > Yields improved constraints beyond of f,
0.0 e e T R .
’ g Thanks for your attention!
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Here there be detalils...
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Gaussian Process regression priors

« Follow Landry & Essick Phys. Rev. D 99 .
(2019) and implement a Gaussian Process
Regression in an auxiliary variable 0.8 -
@(n) = —In(c;%(n) — 1), but as function of ¥ 'i:V( 3
! {707\ SN
erarchi ' i & alse NSy
* Use hierarchical model, for wide range of c2 AN W S :eﬁ:\'y“\ﬂ?ﬂt&'&(éﬁ\&'
behavior ) /)\\'!f‘é‘@‘\!:‘v’}:«:%@’,‘%’\'!‘ﬁ\"
0.4 M (/a"/} /#s&'d.i“f \",
=2 / \ ‘N‘}h )
p(n) ~ N{-=In(c;”=1),K(n,n") ), e % J
0.2 A
K(n, n/) _ rle—(n—n')z/Zﬁ2
0.0 A
2 ~ N(0.5,0.25%), 2 ¢ S 8 10

¢~ N(1.0ns,(0.2ns)?
( > ( S) )’ Gorda, Komoltsev, Kurkela, ApJ 950 (2023)
n ~ _/\/'(’],25, 0_252), https://github.com/OKomoltsev/QCD-likelihood-function
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EoS extensions with least extreme Iyqcp

pQCD tension index at 15ng,:
0.0 0.2 0.4 0.6 0.8 1.0

1.50 1.0
7 Jenenlfitog) = 0.5 o
E i 9& pQcp\Ntov) = U. e ogl °
T 1
8 .00
Q 0.75
&
> 0.50
0
& 0-251 0.0 s
1.0 1.5 2.0 2.5 00 25 50 75 100 125 15.0
Energy density € [GeV/fm?3] Number density n [Ngat]
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Why is a 2" GP marginalization?
(Low and high parts of EoS)

¥
1. Expectation value of Q: P(Q) = /dmdnhP(Q|77m7h)P(m,77h)

2. Assume [ and h are un- (or weakly) correlated: P(ni,nn) = P(n)P(nn)
3. Q only depends on h through €, pi at Nem:  P(Q|mi,mn) = P(Q|mi; pr,eL),

4. Then can marginalize over &, p, as

P(Q) = /d"?ldpLdé“LP(Q\??l;pL,€L)P(77l)w(pL,€L),

Quantity that we plotted
’w(pL,EL)E/dnhP(pL,t?L!??h)P(??h) G before 4 P
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Simulation details:

FUKA code initial data solver; initial separation = 45 km
Papenfort, Tootle, Grandclément, Most, Rezzolla, PRD 104, 024057 (2021)

» Evolution with Einstein-Toolkit, including the fixed-mesh box-in-box

refinement framework Carpet

Haas+ The Einstein Toolkit. Zenodo. (http://einsteintoolkit.org) (2020).
Schnetter, Hawley, Hawke, Class. Quantum Grav. 21, 1465-1488 (2004)

* six refinement levels; finest grid spacing of 295 m;
* Impose reflection symmetry across orbital plane
« computational domain outer boundary at #1512 km

* Hybrid EoS construction w/ fixed Ty, = (ptn/En) + 1

e Extract Y, = F)+ +ihy with sampling rate = 634 kHz from a spherical
surface with radius = 574 km (spin-weighted spherical-harmonic
modes with [ < 4)
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Sample waveforms

10%2 x i mfe _2Y ;. (8, 0) K5 (r) for r = 40 Mpc, 0 = 15°, ¢ = 0° 2\/7]?&(}(') [Hz‘l/Q]
=2m=—¥¢

g N[BT B ML B r Lt 6% [ T ET [ eqr & & & [ & & & a

5F A il — ¢=1 JF —— aLIGO fo

- ik i | - N\

A AV VIV VO s = g=0I I

R —— LI -
_5;:;::}:;::,::::',;:::}H::};:::I:_:;:::,:;:', ————
o B 1 | {1072
Of
_5—_. s ooy 0 | | | | |

FTor | | | | | I

S C

O
_5-_| T T T S T I. PR SR N RN (N WA WA TN TN (N NN SN SN HAN NN TN SN WA SN N
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