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The two-body problem: Newton vs Einstein
Take two objects of mass       and       
interacting only gravitationally 

m1 m2

r̈ = �GM

d3
12

r

where M � m1 + m2 , r � r1 � r2 , d12 � |r1 � r2| .

In Newtonian gravity solution is analytic: 
there exist closed orbits (circular/elliptic) with

In Einstein’s gravity no analytic solution! No closed orbits: the 
system loses energy/angular momentum via gravitational waves. 



The two-body problem in GR
•For BHs we know what to expect: 
  BH + BH             BH + GWs 

•BH+torus system may tell us 
on the central engine of GRBs

artist impression (NASA)

Wex 2016

•HMNS phase can provide 
clear information on EOS 

•For NSs the question is more subtle: the merger leads to an 
hyper-massive neutron star (HMNS), ie a metastable equilibrium: 

NS + NS        HMNS+... ?       BH+torus+... ?       BH + GWs

Abbott+ 2016

GW150914



The two-body problem in GR
•For BHs we know what to expect: 
  BH + BH             BH + GWs 

•ejected matter 
undergoes 
nucleosynthesis of 
heavy elements

•For NSs the question is more subtle: the merger leads to an 
hyper-massive neutron star (HMNS), ie a metastable equilibrium: 

NS + NS        HMNS+... ?       BH+torus+... ?       BH + GWs



The equations of numerical relativity

Rµ⌫ � 1

2
gµ⌫R = 8⇡Tµ⌫ , (field equations)

rµT
µ⌫ = 0 , (cons. energy/momentum)

rµ(⇢u
µ) = 0 , (cons. rest mass)

p = p(⇢, ✏, Ye, . . .) , (equation of state)

(Maxwell equations)

Tµ⌫ = T fluid
µ⌫ + T

EM

µ⌫ + . . .

r⌫F
µ⌫ = Iµ , r⇤

⌫F
µ⌫ = 0 ,

(energy �momentum tensor)

In GR these equations do not possess an analytic solution 
in the regimes we are interested in



Animations: Breu, Radice, LR

M = 2⇥ 1.35M�

LS220 EOS

merger           HMNS           BH + torus



Quantitative differences are produced by:

• total mass (prompt vs delayed collapse)

merger           HMNS           BH + torus



Broadbrush picture

proto-magnetar? FRB?



Quantitative differences are produced by:

• mass asymmetries (HMNS and torus)

• total mass (prompt vs delayed collapse)

merger           HMNS           BH + torus



Animations: Giacomazzo, Koppitz, LR

✴ the torii are generically more massive
✴ the torii are generically more extended 
✴ the torii tend to stable quasi-Keplerian configurations
✴ overall unequal-mass systems have all the ingredients 
needed to create a GRB

Total mass : 3.37 M�; mass ratio :0.80;



Quantitative differences are produced by:

• mass asymmetries (HMNS and torus)

• total mass (prompt vs delayed collapse)

• soft/stiff EOS (inspiral and post-merger)

• magnetic fields (equil. and EM emission)

• radiative losses (equil. and nucleosynthesis)

merger           HMNS           BH + torus



How to constrain the EOS 
from the GWs



binary black holes (2006)

Anatomy of the GW signal

Chirp signal
black-hole 
ringdown
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Anatomy of the GW signal
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Inspiral: well approximated by PN/EOB; tidal effects important

Anatomy of the GW signal

Chirp signal



°5 0 5 10 15 20 25

t [ms]

°8

°6

°4

°2

0

2

4

6

8

h
+

£
10

22
[5

0
M

p
c]

GNH3, M̄ =1.350MØ

Merger: highly nonlinear but analytic description possible

Anatomy of the GW signal

transient
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post-merger: quasi-periodic emission of bar-deformed HMNS

Anatomy of the GW signal

post-merger 
(HMNS)
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Collapse-ringdown: signal essentially shuts off.

Anatomy of the GW signal

black-hole 
formation 
(ringdown)



In frequency space

Read et al. (2013)
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What we can do nowadays
Takami, LR, Baiotti (2014, 2015), LR+ (2016)

SOFT

STIFF
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emission lines from stellar atmospheres. 

This is GW spectroscopy!

Takami, LR, Baiotti (2014, 2015), LR+ (2016)
Extracting information from the EOS

SOFT

STIFF



A new approach to constrain the EOS

merger 
frequency

Oechslin+2007, Baiotti+2008, Bauswein+ 2011, 2012, Stergioulas+ 2011, Hotokezaka+ 2013, Takami 
2014, 2015, Bernuzzi 2014, 2015, Bauswein+ 2015, Clark+ 2016, LR+2016, de Pietri+ 2016, Feo+ 
2017, Bose+ 2017 …

f3



Oechslin+2007, Baiotti+2008, Bauswein+ 2011, 2012, Stergioulas+ 2011, Hotokezaka+ 2013, Takami 
2014, 2015, Bernuzzi 2014, 2015, Bauswein+ 2015, Clark+ 2016, LR+2016, de Pietri+ 2016, Feo+ 
2017, Bose+ 2017 …

A spectroscopic approach to the EOS

f3

f3

merger 
frequency



Quasi-universal behaviour



Many other simulations have 
confirmed this (Bernuzzi+ 2014, 
Takami+ 2015, LR+2016) .

“surprising” result: quasi-
universal behaviour of GW 
frequency at amplitude peak 
(Read+2013)

⇤ =
�

M̄5
=

16

3
T
2 tidal deformability or Love number

Quasi-universal behaviour 
in the inspiral implies that 
once fmax is measured, so is 
tidal deformability, hence 
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Eq. (24), Takami et al. (2014)

Eq. (15)

Eq. (22), Read et al. (2013)

Read et al. (2013)

Bernuzzi et al. (2014)

Quasi-universal behaviour: inspiral



Quasi-universal behaviour: post-merger

We have found quasi-
universal behaviour: i.e., 
the properties of the 
spectra are only weakly 
dependent on the EOS.
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LS220 This has profound 
implications for the 
analytical modelling of the 
GW emission: “what we 
do for one EOS can be 
extended to all EOSs.”



•Correlations with Love 
number found also for high 
frequency peak f2.

•This and other correlations 
are weaker but equally useful.
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Quasi-universal behaviour: post-merger
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•Important correlation also between 
compactness and deformability



• Universal behaviour and analytic modelling of post-
merger relates position of these peaks with the EOS.

•Observation of the post-merger signal would constrain 
significantly the stellar radius; given N detections.
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A spectroscopic approach to the EOS

Baiotti, Bose, LR, Takami PRL, PRD (2015-2018)

•stiff EOSs:                         N~20 detect.
•soft EOSs:                        N~50 detect. 
•discriminating stiff/soft EOSs possible 
even with moderate N

•golden binary: SNR ~ 6 at 30 Mpc               
                       at 90% confidence

|�R/hRi| < 10%

|�R/hRi| ⇠ 10%

|�R/hRi| . 2%



GW170817, maximum mass, 
radii and tidal deformabilities

LR, Most, Weih, ApJL (2018)
Most, Weih, LR, Schaffner-Bielich, PRL (2018)

Köppel, Bovard, LR, ApJL (2018)



GW170817:         
the first binary 
neutron-star system

✴ Unfortunately only the 
inspiral signal was detected.

✴ Fortunately this was 
sufficient to set a number of 
constraints on max. mass, 
tidal deformability, radii, etc.



Limits on the maximum mass
• The remnant of GW170817 was a hypermassive star, i.e. a 
differentially rotating object with initial gravitational mass:
M1 +M2 = 2.74+0.04

�0.01 M�
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•Sequences of equilibrium models 
of nonrotating stars will have a 
maximum mass:M

TOV
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•Sequences of equilibrium models 
of nonrotating stars will have a 
maximum mass: 

•This is true also for uniformly 
rotating stars at mass shedding 
limit:

•  simple and quasi-
universal function of         
(Breu & LR 2016)

   

Mmax
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Limits on the maximum mass
• The remnant of GW170817 was a hypermassive star, i.e. a 
differentially rotating object with initial gravitational mass:
M1 +M2 = 2.74+0.04

�0.01 M�
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• Stability line is simply extended 
in larger space (Weih+18)

Limits on the maximum mass

•Salmon region is for differentially 
rotating equilibrium models.

•Green region is for uniformly 
rotating equilibrium models.

• The remnant of GW170817 was a hypermassive star, i.e. a 
differentially rotating object with initial gravitational mass:
M1 +M2 = 2.74+0.04

�0.01 M�
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•Supramassive stars have: 
           

•Hypermassive stars have:
            

•Salmon region is for differentially 
rotating equilibrium models.

•Green region is for uniformly 
rotating equilibrium models.

Limits on the maximum mass
• The remnant of GW170817 was a hypermassive star, i.e. a 
differentially rotating object with initial gravitational mass:
M1 +M2 = 2.74+0.04

�0.01 M�
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M > Mmax
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•GW170817 produced object ”X”; GRB implies a BH has been 
formed: ”X” followed two possible tracks: fast (2) and slow (1)

•It rapidly produced a BH when 
still differentially rotating (2)

•It lost differential rotation leading 
to a uniformly rotating core (1).

Ωc

M

rot. supramassive NSs

stable
rot.NSs

only diÆ.
rot. NSs

only diÆ. rot.
supramassive NSs

diÆ. rot. hypermassive NSs

MTOV

Mmax

(2)

(1)

x

(1)

(2)

Limits on the maximum mass

•(1) is much more likely because 
of large ejected mass (long lived).

•Final mass is near          and we 
know this is universal!

Mmax
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pulsar 
timing

universal relations 
and GW170817; 
similar estimates 
by other groups

•Use measured gravitational mass of GW170817

•Consider evolution track (2)

•Remove rest-mass deduced from kilonova 
emission (need conversion)

•Use universal relations and account for errors 
to obtain

let’s recap…

2.01+0.04
�0.04  M

TOV
/M�  2.16+0.17

�0.15
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Tension on the maximum mass

• If secondary in GW190814 was a NS, all previous results on 
the maximum mass are incorrect. 

• No EM counterpart was observed with GW190814 and no  
estimates possible for ejected matter or timescale for survival.

•How do we solve this tension?

• The recent detection of GW190814 has created a significant 
tension on the maximum mass

M1 = 22.2� 24.3M�

M2 = 2.50� 2.67M�

<latexit sha1_base64="IQEI1FLwGjENyL+Lv08fFDuW81c="></latexit>

smallest BH or heaviest NS!

Nathanail, Most, LR (2021)



Tension on the maximum mass

• We can nevertheless explore impact of larger maximum mass, 
ie what changes in the previous picture if

M
TOV

/M� & 2.5 ?
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•In essence, this is a multi-dimensional parametric problem 
satisfying conservation of rest-mass and gravitational mass.

•Observations provide limits on gravitational and ejected mass.

•Numerical relativity simulations provide limits on emitted GWs

•All the rest is contained in 10 parameters that need to be varied 
within suitable ranges.



Genetic algorithm
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Rezzolla + (2018)

genetic algorithm

• A genetic algorithm is used to sample through the parameter 
space of the 10 free parameters.

•The algorithm reflects genetic 
adaptation: given a mutation 
(i.e. change of parameters) it 
will be adopted if it provides a 
better fit to data. 

M
TOV

/M� . 2.3
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•Consider first previous 
estimate:

2.01+0.04
�0.04  M

TOV
/M�  2.16+0.17

�0.15
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First hypothesis:
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•Total mass emitted in GWs is 
in perfect agreement with 
predictions from numerical 
relativity
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•Total mass ejected is in perfect 
agreement with predictions 
from kilonova signal



M
TOV

/M� & 2.5
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Second hypothesis:
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•Total mass emitted in GWs is 
much larger than predicted 
from simulations; 

•Mismatch becomes worse with 
larger masses
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•Total mass ejected is in perfect 
much smaller than observed 
from kilonova signal.



Tension on the maximum mass

• The recent detection of GW190814 has created a significant 
tension on the maximum mass

M1 = 22.2� 24.3M�

M2 = 2.50� 2.67M�
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• If secondary in GW190814 was a NS, all previous 
considerations are incorrect. 

• No EM counterpart was observed with GW190814 and no  
estimates possible on ejected matter or timescale for survival.

•How do we solve this tension?

smallest BH or heaviest NS!

Nathanail, Most, LR (2020)

• Solution: secondary in GW190814 was a BH at merger but 
could have been a NS before



GW170817, maximum mass, 
radii and tidal deformabilities

LR, Most, Weih (2018)
Most, Weih, LR, Schaffner-Bielich (2018)



Limits on radii and deformabilities
•We have produced 106 EOSs with about 109 stellar models.

•Can impose 
differential 
constraints 
from the 
maximum 
mass and 
from the tidal 
deformability 
from 
GW170817?

Abbott+ 2017

LR+ 2017



parametrising our ignorance
• Construct most generic family of NS-matter EOSs

from µb=2.6GeV
NNLO pQCD 

Kurkela+ (2014) 
Fraga+ (2014) 

BPS
polytropic fit of Drischler+ (2016) 

(large impact on results)

interpolation 
by matching 4 

polytropes



•Can impose 
differential 
constraints 
from the 
maximum 
mass and 
from the tidal 
deformability 
from 
GW170817

•We have produced 106 EOSs with about 109 stellar models.

Mass-radius relations



•Closer look at a mass of M = 1.40M�
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•Can play with 
different constraints 
on maximum mass 
and tidal deformability.

•Overall distribution is 
very robust

12.00<R1.4/km<13.45
<latexit sha1_base64="BHsx3ho9Tmftg63/+RAR8lIK5v4=">AAACDHicbVC7TsMwFHXKq5RXgJHFpSAxhaQUARJDBQtjQZRWaqLIcd3Wqu1EtoNURf0BFn6FhQEQKx/Axt/gPgYoHMnS0Tnn6vqeKGFUadf9snJz8wuLS/nlwsrq2vqGvbl1p+JUYlLHMYtlM0KKMCpIXVPNSDORBPGIkUbUvxz5jXsiFY3FrR4kJOCoK2iHYqSNFNp7XtlxXb947hdvwsxzKsPDzJcc9vlwLHpHTuU4tEuuSY0A/xJvSkpgilpof/rtGKecCI0ZUqrluYkOMiQ1xYwMC36qSIJwH3VJy1CBOFFBNr5mCPeN0oadWJonNByrPycyxJUa8MgkOdI9NeuNxP+8Vqo7p0FGRZJqIvBkUSdlUMdwVA1sU0mwZgNDEJbU/BXiHpIIa1NgwZTgzZ78l9TLzpnjXVdK1YtpG3mwA3bBAfDACaiCK1ADdYDBA3gCL+DVerSerTfrfRLNWdOZbfAL1sc32DOX1Q==</latexit><latexit sha1_base64="BHsx3ho9Tmftg63/+RAR8lIK5v4=">AAACDHicbVC7TsMwFHXKq5RXgJHFpSAxhaQUARJDBQtjQZRWaqLIcd3Wqu1EtoNURf0BFn6FhQEQKx/Axt/gPgYoHMnS0Tnn6vqeKGFUadf9snJz8wuLS/nlwsrq2vqGvbl1p+JUYlLHMYtlM0KKMCpIXVPNSDORBPGIkUbUvxz5jXsiFY3FrR4kJOCoK2iHYqSNFNp7XtlxXb947hdvwsxzKsPDzJcc9vlwLHpHTuU4tEuuSY0A/xJvSkpgilpof/rtGKecCI0ZUqrluYkOMiQ1xYwMC36qSIJwH3VJy1CBOFFBNr5mCPeN0oadWJonNByrPycyxJUa8MgkOdI9NeuNxP+8Vqo7p0FGRZJqIvBkUSdlUMdwVA1sU0mwZgNDEJbU/BXiHpIIa1NgwZTgzZ78l9TLzpnjXVdK1YtpG3mwA3bBAfDACaiCK1ADdYDBA3gCL+DVerSerTfrfRLNWdOZbfAL1sc32DOX1Q==</latexit><latexit sha1_base64="BHsx3ho9Tmftg63/+RAR8lIK5v4=">AAACDHicbVC7TsMwFHXKq5RXgJHFpSAxhaQUARJDBQtjQZRWaqLIcd3Wqu1EtoNURf0BFn6FhQEQKx/Axt/gPgYoHMnS0Tnn6vqeKGFUadf9snJz8wuLS/nlwsrq2vqGvbl1p+JUYlLHMYtlM0KKMCpIXVPNSDORBPGIkUbUvxz5jXsiFY3FrR4kJOCoK2iHYqSNFNp7XtlxXb947hdvwsxzKsPDzJcc9vlwLHpHTuU4tEuuSY0A/xJvSkpgilpof/rtGKecCI0ZUqrluYkOMiQ1xYwMC36qSIJwH3VJy1CBOFFBNr5mCPeN0oadWJonNByrPycyxJUa8MgkOdI9NeuNxP+8Vqo7p0FGRZJqIvBkUSdlUMdwVA1sU0mwZgNDEJbU/BXiHpIIa1NgwZTgzZ78l9TLzpnjXVdK1YtpG3mwA3bBAfDACaiCK1ADdYDBA3gCL+DVerSerTfrfRLNWdOZbfAL1sc32DOX1Q==</latexit><latexit sha1_base64="BHsx3ho9Tmftg63/+RAR8lIK5v4=">AAACDHicbVC7TsMwFHXKq5RXgJHFpSAxhaQUARJDBQtjQZRWaqLIcd3Wqu1EtoNURf0BFn6FhQEQKx/Axt/gPgYoHMnS0Tnn6vqeKGFUadf9snJz8wuLS/nlwsrq2vqGvbl1p+JUYlLHMYtlM0KKMCpIXVPNSDORBPGIkUbUvxz5jXsiFY3FrR4kJOCoK2iHYqSNFNp7XtlxXb947hdvwsxzKsPDzJcc9vlwLHpHTuU4tEuuSY0A/xJvSkpgilpof/rtGKecCI0ZUqrluYkOMiQ1xYwMC36qSIJwH3VJy1CBOFFBNr5mCPeN0oadWJonNByrPycyxJUa8MgkOdI9NeuNxP+8Vqo7p0FGRZJqIvBkUSdlUMdwVA1sU0mwZgNDEJbU/BXiHpIIa1NgwZTgzZ78l9TLzpnjXVdK1YtpG3mwA3bBAfDACaiCK1ADdYDBA3gCL+DVerSerTfrfRLNWdOZbfAL1sc32DOX1Q==</latexit>

R̄1.4 = 12.45 km
<latexit sha1_base64="XeqZHQP85XGNbA98biivFuM18dQ=">AAACBXicbVBNS8NAEN3Ur1q/oh5FWCyCBwlJqagHoejFYxVjC00Im+22XbqbhN2NUEJOXvwrXjyoePU/ePPfuG1z0NYHA4/3ZpiZFyaMSmXb30ZpYXFpeaW8Wllb39jcMrd37mWcCkxcHLNYtEMkCaMRcRVVjLQTQRAPGWmFw6ux33ogQtI4ulOjhPgc9SPaoxgpLQXmvhcikd3mQeZY9fzCqVn1E+848wSHQ54HZtW27AngPHEKUgUFmoH55XVjnHISKcyQlB3HTpSfIaEoZiSveKkkCcJD1CcdTSPEifSzyRs5PNRKF/ZioStScKL+nsgQl3LEQ93JkRrIWW8s/ud1UtU78zMaJakiEZ4u6qUMqhiOM4FdKghWbKQJwoLqWyEeIIGw0slVdAjO7MvzxK1Z55ZzU682Los0ymAPHIAj4IBT0ADXoAlcgMEjeAav4M14Ml6Md+Nj2loyipld8AfG5w9SdJdQ</latexit><latexit sha1_base64="XeqZHQP85XGNbA98biivFuM18dQ=">AAACBXicbVBNS8NAEN3Ur1q/oh5FWCyCBwlJqagHoejFYxVjC00Im+22XbqbhN2NUEJOXvwrXjyoePU/ePPfuG1z0NYHA4/3ZpiZFyaMSmXb30ZpYXFpeaW8Wllb39jcMrd37mWcCkxcHLNYtEMkCaMRcRVVjLQTQRAPGWmFw6ux33ogQtI4ulOjhPgc9SPaoxgpLQXmvhcikd3mQeZY9fzCqVn1E+848wSHQ54HZtW27AngPHEKUgUFmoH55XVjnHISKcyQlB3HTpSfIaEoZiSveKkkCcJD1CcdTSPEifSzyRs5PNRKF/ZioStScKL+nsgQl3LEQ93JkRrIWW8s/ud1UtU78zMaJakiEZ4u6qUMqhiOM4FdKghWbKQJwoLqWyEeIIGw0slVdAjO7MvzxK1Z55ZzU682Los0ymAPHIAj4IBT0ADXoAlcgMEjeAav4M14Ml6Md+Nj2loyipld8AfG5w9SdJdQ</latexit><latexit sha1_base64="XeqZHQP85XGNbA98biivFuM18dQ=">AAACBXicbVBNS8NAEN3Ur1q/oh5FWCyCBwlJqagHoejFYxVjC00Im+22XbqbhN2NUEJOXvwrXjyoePU/ePPfuG1z0NYHA4/3ZpiZFyaMSmXb30ZpYXFpeaW8Wllb39jcMrd37mWcCkxcHLNYtEMkCaMRcRVVjLQTQRAPGWmFw6ux33ogQtI4ulOjhPgc9SPaoxgpLQXmvhcikd3mQeZY9fzCqVn1E+848wSHQ54HZtW27AngPHEKUgUFmoH55XVjnHISKcyQlB3HTpSfIaEoZiSveKkkCcJD1CcdTSPEifSzyRs5PNRKF/ZioStScKL+nsgQl3LEQ93JkRrIWW8s/ud1UtU78zMaJakiEZ4u6qUMqhiOM4FdKghWbKQJwoLqWyEeIIGw0slVdAjO7MvzxK1Z55ZzU682Los0ymAPHIAj4IBT0ADXoAlcgMEjeAav4M14Ml6Md+Nj2loyipld8AfG5w9SdJdQ</latexit><latexit sha1_base64="XeqZHQP85XGNbA98biivFuM18dQ=">AAACBXicbVBNS8NAEN3Ur1q/oh5FWCyCBwlJqagHoejFYxVjC00Im+22XbqbhN2NUEJOXvwrXjyoePU/ePPfuG1z0NYHA4/3ZpiZFyaMSmXb30ZpYXFpeaW8Wllb39jcMrd37mWcCkxcHLNYtEMkCaMRcRVVjLQTQRAPGWmFw6ux33ogQtI4ulOjhPgc9SPaoxgpLQXmvhcikd3mQeZY9fzCqVn1E+848wSHQ54HZtW27AngPHEKUgUFmoH55XVjnHISKcyQlB3HTpSfIaEoZiSveKkkCcJD1CcdTSPEifSzyRs5PNRKF/ZioStScKL+nsgQl3LEQ93JkRrIWW8s/ud1UtU78zMaJakiEZ4u6qUMqhiOM4FdKghWbKQJwoLqWyEeIIGw0slVdAjO7MvzxK1Z55ZzU682Los0ymAPHIAj4IBT0ADXoAlcgMEjeAav4M14Ml6Md+Nj2loyipld8AfG5w9SdJdQ</latexit>

one-dimensional cuts



Constraining tidal deformability
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• Can explore statistics of all properties of our 109 models.
• In particular can study PDF of tidal deformability: ⇤̃<latexit sha1_base64="USETZjRSJpGzOydBqsH13bQDDz8=">AAAB+HicbVDLSsNAFL2pr1ofrbp0EyyCq5KIoMuiGxcuKtgHNKFMJjft0MkkzEyEGvolblwo4tZPceffOG2z0NYDA4dz7uHeOUHKmdKO822V1tY3NrfK25Wd3b39au3gsKOSTFJs04QnshcQhZwJbGumOfZSiSQOOHaD8c3M7z6iVCwRD3qSoh+ToWARo0QbaVCreprxEHPvzmRCMh3U6k7DmcNeJW5B6lCgNah9eWFCsxiFppwo1XedVPs5kZpRjtOKlylMCR2TIfYNFSRG5efzw6f2qVFCO0qkeULbc/V3IiexUpM4MJMx0SO17M3E/7x+pqMrP2cizTQKulgUZdzWiT1rwQ6ZRKr5xBBCJTO32nREJKHadFUxJbjLX14lnfOG6zTc+4t687qoowzHcAJn4MIlNOEWWtAGChk8wyu8WU/Wi/VufSxGS1aROYI/sD5/APRqk0Q=</latexit><latexit sha1_base64="USETZjRSJpGzOydBqsH13bQDDz8=">AAAB+HicbVDLSsNAFL2pr1ofrbp0EyyCq5KIoMuiGxcuKtgHNKFMJjft0MkkzEyEGvolblwo4tZPceffOG2z0NYDA4dz7uHeOUHKmdKO822V1tY3NrfK25Wd3b39au3gsKOSTFJs04QnshcQhZwJbGumOfZSiSQOOHaD8c3M7z6iVCwRD3qSoh+ToWARo0QbaVCreprxEHPvzmRCMh3U6k7DmcNeJW5B6lCgNah9eWFCsxiFppwo1XedVPs5kZpRjtOKlylMCR2TIfYNFSRG5efzw6f2qVFCO0qkeULbc/V3IiexUpM4MJMx0SO17M3E/7x+pqMrP2cizTQKulgUZdzWiT1rwQ6ZRKr5xBBCJTO32nREJKHadFUxJbjLX14lnfOG6zTc+4t687qoowzHcAJn4MIlNOEWWtAGChk8wyu8WU/Wi/VufSxGS1aROYI/sD5/APRqk0Q=</latexit><latexit sha1_base64="USETZjRSJpGzOydBqsH13bQDDz8=">AAAB+HicbVDLSsNAFL2pr1ofrbp0EyyCq5KIoMuiGxcuKtgHNKFMJjft0MkkzEyEGvolblwo4tZPceffOG2z0NYDA4dz7uHeOUHKmdKO822V1tY3NrfK25Wd3b39au3gsKOSTFJs04QnshcQhZwJbGumOfZSiSQOOHaD8c3M7z6iVCwRD3qSoh+ToWARo0QbaVCreprxEHPvzmRCMh3U6k7DmcNeJW5B6lCgNah9eWFCsxiFppwo1XedVPs5kZpRjtOKlylMCR2TIfYNFSRG5efzw6f2qVFCO0qkeULbc/V3IiexUpM4MJMx0SO17M3E/7x+pqMrP2cizTQKulgUZdzWiT1rwQ6ZRKr5xBBCJTO32nREJKHadFUxJbjLX14lnfOG6zTc+4t687qoowzHcAJn4MIlNOEWWtAGChk8wyu8WU/Wi/VufSxGS1aROYI/sD5/APRqk0Q=</latexit><latexit sha1_base64="USETZjRSJpGzOydBqsH13bQDDz8=">AAAB+HicbVDLSsNAFL2pr1ofrbp0EyyCq5KIoMuiGxcuKtgHNKFMJjft0MkkzEyEGvolblwo4tZPceffOG2z0NYDA4dz7uHeOUHKmdKO822V1tY3NrfK25Wd3b39au3gsKOSTFJs04QnshcQhZwJbGumOfZSiSQOOHaD8c3M7z6iVCwRD3qSoh+ToWARo0QbaVCreprxEHPvzmRCMh3U6k7DmcNeJW5B6lCgNah9eWFCsxiFppwo1XedVPs5kZpRjtOKlylMCR2TIfYNFSRG5efzw6f2qVFCO0qkeULbc/V3IiexUpM4MJMx0SO17M3E/7x+pqMrP2cizTQKulgUZdzWiT1rwQ6ZRKr5xBBCJTO32nREJKHadFUxJbjLX14lnfOG6zTc+4t687qoowzHcAJn4MIlNOEWWtAGChk8wyu8WU/Wi/VufSxGS1aROYI/sD5/APRqk0Q=</latexit>

• LIGO has already 
set upper limit:

⇤̃1.4 . 800
<latexit sha1_base64="L4QqJvL+dW59bZXBu2Hmf5nr2BY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiQi2GXRjQsXFewDmhAmk5t26OTBzEQoIXs3/oobF4q49Qfc+TdO2yy09cDA4Zx7uHOPn3ImlWV9G5W19Y3Nrep2bWd3b//APDzqySQTFLo04YkY+EQCZzF0FVMcBqkAEvkc+v7keub3H0BIlsT3apqCG5FRzEJGidKSZ9YdxXgAuXOrMwEpvNxuXhTY4SClZBFuWZZnNqymNQdeJXZJGqhExzO/nCChWQSxopxIObStVLk5EYpRDkXNySSkhE7ICIaaxiQC6ebzWwp8qpUAh4nQL1Z4rv5O5CSSchr5ejIiaiyXvZn4nzfMVNhycxanmYKYLhaFGccqwbNicMAEUMWnmhAqmP4rpmMiCFW6vpouwV4+eZX0zpu21bTvLhrtq7KOKjpBdXSGbHSJ2ugGdVAXUfSIntErejOejBfj3fhYjFaMMnOM/sD4/AGotpog</latexit><latexit sha1_base64="L4QqJvL+dW59bZXBu2Hmf5nr2BY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiQi2GXRjQsXFewDmhAmk5t26OTBzEQoIXs3/oobF4q49Qfc+TdO2yy09cDA4Zx7uHOPn3ImlWV9G5W19Y3Nrep2bWd3b//APDzqySQTFLo04YkY+EQCZzF0FVMcBqkAEvkc+v7keub3H0BIlsT3apqCG5FRzEJGidKSZ9YdxXgAuXOrMwEpvNxuXhTY4SClZBFuWZZnNqymNQdeJXZJGqhExzO/nCChWQSxopxIObStVLk5EYpRDkXNySSkhE7ICIaaxiQC6ebzWwp8qpUAh4nQL1Z4rv5O5CSSchr5ejIiaiyXvZn4nzfMVNhycxanmYKYLhaFGccqwbNicMAEUMWnmhAqmP4rpmMiCFW6vpouwV4+eZX0zpu21bTvLhrtq7KOKjpBdXSGbHSJ2ugGdVAXUfSIntErejOejBfj3fhYjFaMMnOM/sD4/AGotpog</latexit><latexit sha1_base64="L4QqJvL+dW59bZXBu2Hmf5nr2BY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiQi2GXRjQsXFewDmhAmk5t26OTBzEQoIXs3/oobF4q49Qfc+TdO2yy09cDA4Zx7uHOPn3ImlWV9G5W19Y3Nrep2bWd3b//APDzqySQTFLo04YkY+EQCZzF0FVMcBqkAEvkc+v7keub3H0BIlsT3apqCG5FRzEJGidKSZ9YdxXgAuXOrMwEpvNxuXhTY4SClZBFuWZZnNqymNQdeJXZJGqhExzO/nCChWQSxopxIObStVLk5EYpRDkXNySSkhE7ICIaaxiQC6ebzWwp8qpUAh4nQL1Z4rv5O5CSSchr5ejIiaiyXvZn4nzfMVNhycxanmYKYLhaFGccqwbNicMAEUMWnmhAqmP4rpmMiCFW6vpouwV4+eZX0zpu21bTvLhrtq7KOKjpBdXSGbHSJ2ugGdVAXUfSIntErejOejBfj3fhYjFaMMnOM/sD4/AGotpog</latexit><latexit sha1_base64="L4QqJvL+dW59bZXBu2Hmf5nr2BY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiQi2GXRjQsXFewDmhAmk5t26OTBzEQoIXs3/oobF4q49Qfc+TdO2yy09cDA4Zx7uHOPn3ImlWV9G5W19Y3Nrep2bWd3b//APDzqySQTFLo04YkY+EQCZzF0FVMcBqkAEvkc+v7keub3H0BIlsT3apqCG5FRzEJGidKSZ9YdxXgAuXOrMwEpvNxuXhTY4SClZBFuWZZnNqymNQdeJXZJGqhExzO/nCChWQSxopxIObStVLk5EYpRDkXNySSkhE7ICIaaxiQC6ebzWwp8qpUAh4nQL1Z4rv5O5CSSchr5ejIiaiyXvZn4nzfMVNhycxanmYKYLhaFGccqwbNicMAEUMWnmhAqmP4rpmMiCFW6vpouwV4+eZX0zpu21bTvLhrtq7KOKjpBdXSGbHSJ2ugGdVAXUfSIntErejOejBfj3fhYjFaMMnOM/sD4/AGotpog</latexit>

⇤̃1.4 > 375
<latexit sha1_base64="e5yrw1bun2GUJlhHhtHilU2sCoQ=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJKUqgqEyogoWBoUj0ITVR5Dhua9VxIttBqqIsLPwKCwMIsfIPbPwNbpsBWo5k6eice3R9T5AwKpVtfxulpeWV1bXyemVjc2t7x9zda8s4FZi0cMxi0Q2QJIxy0lJUMdJNBEFRwEgnGF1P/M4DEZLG/F6NE+JFaMBpn2KktOSbh66iLCSZe6szIcr9zLFqObyE8Kx+7ptV27KngIvEKUgVFGj65pcbxjiNCFeYISl7jp0oL0NCUcxIXnFTSRKER2hAeppyFBHpZdMrcnislRD2Y6EfV3Cq/k5kKJJyHAV6MkJqKOe9ifif10tV/8LLKE9SRTieLeqnDKoYTiqBIRUEKzbWBGFB9V8hHiKBsNLFVXQJzvzJi6R9ajm25dzVqo2roo4yOABH4AQ4oA4a4AY0QQtg8AiewSt4M56MF+Pd+JiNlowisw/+wPj8AQMXlu0=</latexit><latexit sha1_base64="e5yrw1bun2GUJlhHhtHilU2sCoQ=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJKUqgqEyogoWBoUj0ITVR5Dhua9VxIttBqqIsLPwKCwMIsfIPbPwNbpsBWo5k6eice3R9T5AwKpVtfxulpeWV1bXyemVjc2t7x9zda8s4FZi0cMxi0Q2QJIxy0lJUMdJNBEFRwEgnGF1P/M4DEZLG/F6NE+JFaMBpn2KktOSbh66iLCSZe6szIcr9zLFqObyE8Kx+7ptV27KngIvEKUgVFGj65pcbxjiNCFeYISl7jp0oL0NCUcxIXnFTSRKER2hAeppyFBHpZdMrcnislRD2Y6EfV3Cq/k5kKJJyHAV6MkJqKOe9ifif10tV/8LLKE9SRTieLeqnDKoYTiqBIRUEKzbWBGFB9V8hHiKBsNLFVXQJzvzJi6R9ajm25dzVqo2roo4yOABH4AQ4oA4a4AY0QQtg8AiewSt4M56MF+Pd+JiNlowisw/+wPj8AQMXlu0=</latexit><latexit sha1_base64="e5yrw1bun2GUJlhHhtHilU2sCoQ=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJKUqgqEyogoWBoUj0ITVR5Dhua9VxIttBqqIsLPwKCwMIsfIPbPwNbpsBWo5k6eice3R9T5AwKpVtfxulpeWV1bXyemVjc2t7x9zda8s4FZi0cMxi0Q2QJIxy0lJUMdJNBEFRwEgnGF1P/M4DEZLG/F6NE+JFaMBpn2KktOSbh66iLCSZe6szIcr9zLFqObyE8Kx+7ptV27KngIvEKUgVFGj65pcbxjiNCFeYISl7jp0oL0NCUcxIXnFTSRKER2hAeppyFBHpZdMrcnislRD2Y6EfV3Cq/k5kKJJyHAV6MkJqKOe9ifif10tV/8LLKE9SRTieLeqnDKoYTiqBIRUEKzbWBGFB9V8hHiKBsNLFVXQJzvzJi6R9ajm25dzVqo2roo4yOABH4AQ4oA4a4AY0QQtg8AiewSt4M56MF+Pd+JiNlowisw/+wPj8AQMXlu0=</latexit><latexit sha1_base64="e5yrw1bun2GUJlhHhtHilU2sCoQ=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJKUqgqEyogoWBoUj0ITVR5Dhua9VxIttBqqIsLPwKCwMIsfIPbPwNbpsBWo5k6eice3R9T5AwKpVtfxulpeWV1bXyemVjc2t7x9zda8s4FZi0cMxi0Q2QJIxy0lJUMdJNBEFRwEgnGF1P/M4DEZLG/F6NE+JFaMBpn2KktOSbh66iLCSZe6szIcr9zLFqObyE8Kx+7ptV27KngIvEKUgVFGj65pcbxjiNCFeYISl7jp0oL0NCUcxIXnFTSRKER2hAeppyFBHpZdMrcnislRD2Y6EfV3Cq/k5kKJJyHAV6MkJqKOe9ifif10tV/8LLKE9SRTieLeqnDKoYTiqBIRUEKzbWBGFB9V8hHiKBsNLFVXQJzvzJi6R9ajm25dzVqo2roo4yOABH4AQ4oA4a4AY0QQtg8AiewSt4M56MF+Pd+JiNlowisw/+wPj8AQMXlu0=</latexit>

•Our sample 
naturally sets a 
lower limit:



•Closer look at a mass of M = 1.40M�
<latexit sha1_base64="Uzc+rhc1f0bFu2rYuQpBPL1sQbs=">AAAB+XicbVBNS8NAEN34WetXqkcvi0XwICGRgnoQil68FCoYW2hC2Gw27dJNNuxulBL7U7x4UPHqP/Hmv3Hb5qCtDwYe780wMy/MGJXKtr+NpeWV1bX1ykZ1c2t7Z9es7d1LngtMXMwZF90QScJoSlxFFSPdTBCUhIx0wuH1xO88ECEpT+/UKCN+gvopjSlGSkuBWWtdOlbD9k5aQeHxiKtxYNZty54CLhKnJHVQoh2YX17EcZ6QVGGGpOw5dqb8AglFMSPjqpdLkiE8RH3S0zRFCZF+MT19DI+0EsGYC12pglP190SBEilHSag7E6QGct6biP95vVzF535B0yxXJMWzRXHOoOJwkgOMqCBYsZEmCAuqb4V4gATCSqdV1SE48y8vEvfUurCc20a9eVWmUQEH4BAcAwecgSa4AW3gAgwewTN4BW/Gk/FivBsfs9Ylo5zZB39gfP4A7NaStA==</latexit><latexit sha1_base64="Uzc+rhc1f0bFu2rYuQpBPL1sQbs=">AAAB+XicbVBNS8NAEN34WetXqkcvi0XwICGRgnoQil68FCoYW2hC2Gw27dJNNuxulBL7U7x4UPHqP/Hmv3Hb5qCtDwYe780wMy/MGJXKtr+NpeWV1bX1ykZ1c2t7Z9es7d1LngtMXMwZF90QScJoSlxFFSPdTBCUhIx0wuH1xO88ECEpT+/UKCN+gvopjSlGSkuBWWtdOlbD9k5aQeHxiKtxYNZty54CLhKnJHVQoh2YX17EcZ6QVGGGpOw5dqb8AglFMSPjqpdLkiE8RH3S0zRFCZF+MT19DI+0EsGYC12pglP190SBEilHSag7E6QGct6biP95vVzF535B0yxXJMWzRXHOoOJwkgOMqCBYsZEmCAuqb4V4gATCSqdV1SE48y8vEvfUurCc20a9eVWmUQEH4BAcAwecgSa4AW3gAgwewTN4BW/Gk/FivBsfs9Ylo5zZB39gfP4A7NaStA==</latexit><latexit sha1_base64="Uzc+rhc1f0bFu2rYuQpBPL1sQbs=">AAAB+XicbVBNS8NAEN34WetXqkcvi0XwICGRgnoQil68FCoYW2hC2Gw27dJNNuxulBL7U7x4UPHqP/Hmv3Hb5qCtDwYe780wMy/MGJXKtr+NpeWV1bX1ykZ1c2t7Z9es7d1LngtMXMwZF90QScJoSlxFFSPdTBCUhIx0wuH1xO88ECEpT+/UKCN+gvopjSlGSkuBWWtdOlbD9k5aQeHxiKtxYNZty54CLhKnJHVQoh2YX17EcZ6QVGGGpOw5dqb8AglFMSPjqpdLkiE8RH3S0zRFCZF+MT19DI+0EsGYC12pglP190SBEilHSag7E6QGct6biP95vVzF535B0yxXJMWzRXHOoOJwkgOMqCBYsZEmCAuqb4V4gATCSqdV1SE48y8vEvfUurCc20a9eVWmUQEH4BAcAwecgSa4AW3gAgwewTN4BW/Gk/FivBsfs9Ylo5zZB39gfP4A7NaStA==</latexit><latexit sha1_base64="Uzc+rhc1f0bFu2rYuQpBPL1sQbs=">AAAB+XicbVBNS8NAEN34WetXqkcvi0XwICGRgnoQil68FCoYW2hC2Gw27dJNNuxulBL7U7x4UPHqP/Hmv3Hb5qCtDwYe780wMy/MGJXKtr+NpeWV1bX1ykZ1c2t7Z9es7d1LngtMXMwZF90QScJoSlxFFSPdTBCUhIx0wuH1xO88ECEpT+/UKCN+gvopjSlGSkuBWWtdOlbD9k5aQeHxiKtxYNZty54CLhKnJHVQoh2YX17EcZ6QVGGGpOw5dqb8AglFMSPjqpdLkiE8RH3S0zRFCZF+MT19DI+0EsGYC12pglP190SBEilHSag7E6QGct6biP95vVzF535B0yxXJMWzRXHOoOJwkgOMqCBYsZEmCAuqb4V4gATCSqdV1SE48y8vEvfUurCc20a9eVWmUQEH4BAcAwecgSa4AW3gAgwewTN4BW/Gk/FivBsfs9Ylo5zZB39gfP4A7NaStA==</latexit>

•Can play with 
different constraints 
on maximum mass 
and tidal deformability.

•Overall distribution is 
very robust

12.00<R1.4/km<13.45
<latexit sha1_base64="BHsx3ho9Tmftg63/+RAR8lIK5v4=">AAACDHicbVC7TsMwFHXKq5RXgJHFpSAxhaQUARJDBQtjQZRWaqLIcd3Wqu1EtoNURf0BFn6FhQEQKx/Axt/gPgYoHMnS0Tnn6vqeKGFUadf9snJz8wuLS/nlwsrq2vqGvbl1p+JUYlLHMYtlM0KKMCpIXVPNSDORBPGIkUbUvxz5jXsiFY3FrR4kJOCoK2iHYqSNFNp7XtlxXb947hdvwsxzKsPDzJcc9vlwLHpHTuU4tEuuSY0A/xJvSkpgilpof/rtGKecCI0ZUqrluYkOMiQ1xYwMC36qSIJwH3VJy1CBOFFBNr5mCPeN0oadWJonNByrPycyxJUa8MgkOdI9NeuNxP+8Vqo7p0FGRZJqIvBkUSdlUMdwVA1sU0mwZgNDEJbU/BXiHpIIa1NgwZTgzZ78l9TLzpnjXVdK1YtpG3mwA3bBAfDACaiCK1ADdYDBA3gCL+DVerSerTfrfRLNWdOZbfAL1sc32DOX1Q==</latexit><latexit sha1_base64="BHsx3ho9Tmftg63/+RAR8lIK5v4=">AAACDHicbVC7TsMwFHXKq5RXgJHFpSAxhaQUARJDBQtjQZRWaqLIcd3Wqu1EtoNURf0BFn6FhQEQKx/Axt/gPgYoHMnS0Tnn6vqeKGFUadf9snJz8wuLS/nlwsrq2vqGvbl1p+JUYlLHMYtlM0KKMCpIXVPNSDORBPGIkUbUvxz5jXsiFY3FrR4kJOCoK2iHYqSNFNp7XtlxXb947hdvwsxzKsPDzJcc9vlwLHpHTuU4tEuuSY0A/xJvSkpgilpof/rtGKecCI0ZUqrluYkOMiQ1xYwMC36qSIJwH3VJy1CBOFFBNr5mCPeN0oadWJonNByrPycyxJUa8MgkOdI9NeuNxP+8Vqo7p0FGRZJqIvBkUSdlUMdwVA1sU0mwZgNDEJbU/BXiHpIIa1NgwZTgzZ78l9TLzpnjXVdK1YtpG3mwA3bBAfDACaiCK1ADdYDBA3gCL+DVerSerTfrfRLNWdOZbfAL1sc32DOX1Q==</latexit><latexit sha1_base64="BHsx3ho9Tmftg63/+RAR8lIK5v4=">AAACDHicbVC7TsMwFHXKq5RXgJHFpSAxhaQUARJDBQtjQZRWaqLIcd3Wqu1EtoNURf0BFn6FhQEQKx/Axt/gPgYoHMnS0Tnn6vqeKGFUadf9snJz8wuLS/nlwsrq2vqGvbl1p+JUYlLHMYtlM0KKMCpIXVPNSDORBPGIkUbUvxz5jXsiFY3FrR4kJOCoK2iHYqSNFNp7XtlxXb947hdvwsxzKsPDzJcc9vlwLHpHTuU4tEuuSY0A/xJvSkpgilpof/rtGKecCI0ZUqrluYkOMiQ1xYwMC36qSIJwH3VJy1CBOFFBNr5mCPeN0oadWJonNByrPycyxJUa8MgkOdI9NeuNxP+8Vqo7p0FGRZJqIvBkUSdlUMdwVA1sU0mwZgNDEJbU/BXiHpIIa1NgwZTgzZ78l9TLzpnjXVdK1YtpG3mwA3bBAfDACaiCK1ADdYDBA3gCL+DVerSerTfrfRLNWdOZbfAL1sc32DOX1Q==</latexit><latexit sha1_base64="BHsx3ho9Tmftg63/+RAR8lIK5v4=">AAACDHicbVC7TsMwFHXKq5RXgJHFpSAxhaQUARJDBQtjQZRWaqLIcd3Wqu1EtoNURf0BFn6FhQEQKx/Axt/gPgYoHMnS0Tnn6vqeKGFUadf9snJz8wuLS/nlwsrq2vqGvbl1p+JUYlLHMYtlM0KKMCpIXVPNSDORBPGIkUbUvxz5jXsiFY3FrR4kJOCoK2iHYqSNFNp7XtlxXb947hdvwsxzKsPDzJcc9vlwLHpHTuU4tEuuSY0A/xJvSkpgilpof/rtGKecCI0ZUqrluYkOMiQ1xYwMC36qSIJwH3VJy1CBOFFBNr5mCPeN0oadWJonNByrPycyxJUa8MgkOdI9NeuNxP+8Vqo7p0FGRZJqIvBkUSdlUMdwVA1sU0mwZgNDEJbU/BXiHpIIa1NgwZTgzZ78l9TLzpnjXVdK1YtpG3mwA3bBAfDACaiCK1ADdYDBA3gCL+DVerSerTfrfRLNWdOZbfAL1sc32DOX1Q==</latexit>

R̄1.4 = 12.45 km
<latexit sha1_base64="XeqZHQP85XGNbA98biivFuM18dQ=">AAACBXicbVBNS8NAEN3Ur1q/oh5FWCyCBwlJqagHoejFYxVjC00Im+22XbqbhN2NUEJOXvwrXjyoePU/ePPfuG1z0NYHA4/3ZpiZFyaMSmXb30ZpYXFpeaW8Wllb39jcMrd37mWcCkxcHLNYtEMkCaMRcRVVjLQTQRAPGWmFw6ux33ogQtI4ulOjhPgc9SPaoxgpLQXmvhcikd3mQeZY9fzCqVn1E+848wSHQ54HZtW27AngPHEKUgUFmoH55XVjnHISKcyQlB3HTpSfIaEoZiSveKkkCcJD1CcdTSPEifSzyRs5PNRKF/ZioStScKL+nsgQl3LEQ93JkRrIWW8s/ud1UtU78zMaJakiEZ4u6qUMqhiOM4FdKghWbKQJwoLqWyEeIIGw0slVdAjO7MvzxK1Z55ZzU682Los0ymAPHIAj4IBT0ADXoAlcgMEjeAav4M14Ml6Md+Nj2loyipld8AfG5w9SdJdQ</latexit><latexit sha1_base64="XeqZHQP85XGNbA98biivFuM18dQ=">AAACBXicbVBNS8NAEN3Ur1q/oh5FWCyCBwlJqagHoejFYxVjC00Im+22XbqbhN2NUEJOXvwrXjyoePU/ePPfuG1z0NYHA4/3ZpiZFyaMSmXb30ZpYXFpeaW8Wllb39jcMrd37mWcCkxcHLNYtEMkCaMRcRVVjLQTQRAPGWmFw6ux33ogQtI4ulOjhPgc9SPaoxgpLQXmvhcikd3mQeZY9fzCqVn1E+848wSHQ54HZtW27AngPHEKUgUFmoH55XVjnHISKcyQlB3HTpSfIaEoZiSveKkkCcJD1CcdTSPEifSzyRs5PNRKF/ZioStScKL+nsgQl3LEQ93JkRrIWW8s/ud1UtU78zMaJakiEZ4u6qUMqhiOM4FdKghWbKQJwoLqWyEeIIGw0slVdAjO7MvzxK1Z55ZzU682Los0ymAPHIAj4IBT0ADXoAlcgMEjeAav4M14Ml6Md+Nj2loyipld8AfG5w9SdJdQ</latexit><latexit sha1_base64="XeqZHQP85XGNbA98biivFuM18dQ=">AAACBXicbVBNS8NAEN3Ur1q/oh5FWCyCBwlJqagHoejFYxVjC00Im+22XbqbhN2NUEJOXvwrXjyoePU/ePPfuG1z0NYHA4/3ZpiZFyaMSmXb30ZpYXFpeaW8Wllb39jcMrd37mWcCkxcHLNYtEMkCaMRcRVVjLQTQRAPGWmFw6ux33ogQtI4ulOjhPgc9SPaoxgpLQXmvhcikd3mQeZY9fzCqVn1E+848wSHQ54HZtW27AngPHEKUgUFmoH55XVjnHISKcyQlB3HTpSfIaEoZiSveKkkCcJD1CcdTSPEifSzyRs5PNRKF/ZioStScKL+nsgQl3LEQ93JkRrIWW8s/ud1UtU78zMaJakiEZ4u6qUMqhiOM4FdKghWbKQJwoLqWyEeIIGw0slVdAjO7MvzxK1Z55ZzU682Los0ymAPHIAj4IBT0ADXoAlcgMEjeAav4M14Ml6Md+Nj2loyipld8AfG5w9SdJdQ</latexit><latexit sha1_base64="XeqZHQP85XGNbA98biivFuM18dQ=">AAACBXicbVBNS8NAEN3Ur1q/oh5FWCyCBwlJqagHoejFYxVjC00Im+22XbqbhN2NUEJOXvwrXjyoePU/ePPfuG1z0NYHA4/3ZpiZFyaMSmXb30ZpYXFpeaW8Wllb39jcMrd37mWcCkxcHLNYtEMkCaMRcRVVjLQTQRAPGWmFw6ux33ogQtI4ulOjhPgc9SPaoxgpLQXmvhcikd3mQeZY9fzCqVn1E+848wSHQ54HZtW27AngPHEKUgUFmoH55XVjnHISKcyQlB3HTpSfIaEoZiSveKkkCcJD1CcdTSPEifSzyRs5PNRKF/ZioStScKL+nsgQl3LEQ93JkRrIWW8s/ud1UtU78zMaJakiEZ4u6qUMqhiOM4FdKghWbKQJwoLqWyEeIIGw0slVdAjO7MvzxK1Z55ZzU682Los0ymAPHIAj4IBT0ADXoAlcgMEjeAav4M14Ml6Md+Nj2loyipld8AfG5w9SdJdQ</latexit>

In other words, stringent lower limits on    
have huge impact: exclude softest EOSs

⇤̃
<latexit sha1_base64="USETZjRSJpGzOydBqsH13bQDDz8=">AAAB+HicbVDLSsNAFL2pr1ofrbp0EyyCq5KIoMuiGxcuKtgHNKFMJjft0MkkzEyEGvolblwo4tZPceffOG2z0NYDA4dz7uHeOUHKmdKO822V1tY3NrfK25Wd3b39au3gsKOSTFJs04QnshcQhZwJbGumOfZSiSQOOHaD8c3M7z6iVCwRD3qSoh+ToWARo0QbaVCreprxEHPvzmRCMh3U6k7DmcNeJW5B6lCgNah9eWFCsxiFppwo1XedVPs5kZpRjtOKlylMCR2TIfYNFSRG5efzw6f2qVFCO0qkeULbc/V3IiexUpM4MJMx0SO17M3E/7x+pqMrP2cizTQKulgUZdzWiT1rwQ6ZRKr5xBBCJTO32nREJKHadFUxJbjLX14lnfOG6zTc+4t687qoowzHcAJn4MIlNOEWWtAGChk8wyu8WU/Wi/VufSxGS1aROYI/sD5/APRqk0Q=</latexit><latexit sha1_base64="USETZjRSJpGzOydBqsH13bQDDz8=">AAAB+HicbVDLSsNAFL2pr1ofrbp0EyyCq5KIoMuiGxcuKtgHNKFMJjft0MkkzEyEGvolblwo4tZPceffOG2z0NYDA4dz7uHeOUHKmdKO822V1tY3NrfK25Wd3b39au3gsKOSTFJs04QnshcQhZwJbGumOfZSiSQOOHaD8c3M7z6iVCwRD3qSoh+ToWARo0QbaVCreprxEHPvzmRCMh3U6k7DmcNeJW5B6lCgNah9eWFCsxiFppwo1XedVPs5kZpRjtOKlylMCR2TIfYNFSRG5efzw6f2qVFCO0qkeULbc/V3IiexUpM4MJMx0SO17M3E/7x+pqMrP2cizTQKulgUZdzWiT1rwQ6ZRKr5xBBCJTO32nREJKHadFUxJbjLX14lnfOG6zTc+4t687qoowzHcAJn4MIlNOEWWtAGChk8wyu8WU/Wi/VufSxGS1aROYI/sD5/APRqk0Q=</latexit><latexit sha1_base64="USETZjRSJpGzOydBqsH13bQDDz8=">AAAB+HicbVDLSsNAFL2pr1ofrbp0EyyCq5KIoMuiGxcuKtgHNKFMJjft0MkkzEyEGvolblwo4tZPceffOG2z0NYDA4dz7uHeOUHKmdKO822V1tY3NrfK25Wd3b39au3gsKOSTFJs04QnshcQhZwJbGumOfZSiSQOOHaD8c3M7z6iVCwRD3qSoh+ToWARo0QbaVCreprxEHPvzmRCMh3U6k7DmcNeJW5B6lCgNah9eWFCsxiFppwo1XedVPs5kZpRjtOKlylMCR2TIfYNFSRG5efzw6f2qVFCO0qkeULbc/V3IiexUpM4MJMx0SO17M3E/7x+pqMrP2cizTQKulgUZdzWiT1rwQ6ZRKr5xBBCJTO32nREJKHadFUxJbjLX14lnfOG6zTc+4t687qoowzHcAJn4MIlNOEWWtAGChk8wyu8WU/Wi/VufSxGS1aROYI/sD5/APRqk0Q=</latexit><latexit sha1_base64="USETZjRSJpGzOydBqsH13bQDDz8=">AAAB+HicbVDLSsNAFL2pr1ofrbp0EyyCq5KIoMuiGxcuKtgHNKFMJjft0MkkzEyEGvolblwo4tZPceffOG2z0NYDA4dz7uHeOUHKmdKO822V1tY3NrfK25Wd3b39au3gsKOSTFJs04QnshcQhZwJbGumOfZSiSQOOHaD8c3M7z6iVCwRD3qSoh+ToWARo0QbaVCreprxEHPvzmRCMh3U6k7DmcNeJW5B6lCgNah9eWFCsxiFppwo1XedVPs5kZpRjtOKlylMCR2TIfYNFSRG5efzw6f2qVFCO0qkeULbc/V3IiexUpM4MJMx0SO17M3E/7x+pqMrP2cizTQKulgUZdzWiT1rwQ6ZRKr5xBBCJTO32nREJKHadFUxJbjLX14lnfOG6zTc+4t687qoowzHcAJn4MIlNOEWWtAGChk8wyu8WU/Wi/VufSxGS1aROYI/sD5/APRqk0Q=</latexit>

On the importance of a lower limit for   ̃⇤
<latexit sha1_base64="4T7tC5+saCYBkfrmQK9ImcRNkok=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyFTrLa7ohsXLirYB3SGksmkbWgmMyQZoQ79EjcuFHHrp7jzb0zbEVT0QOBwzj3cmxMknCmN0IdVWFldW98obpa2tnd2y/befkfFqSS0TWIey16AFeVM0LZmmtNeIimOAk67weRy7nfvqFQsFrd6mlA/wiPBhoxgbaSBXfY04yHNvGuTCfFsYFeQU0Nu48yFyEELGFKtoUYdQTdXKiBHa2C/e2FM0ogKTThWqu+iRPsZlpoRTmclL1U0wWSCR7RvqMARVX62OHwGj40SwmEszRMaLtTviQxHSk2jwExGWI/Vb28u/uX1Uz2s+xkTSaqpIMtFw5RDHcN5CzBkkhLNp4ZgIpm5FZIxlpho01XJlPD1U/g/6VQdFznuzWmleZHXUQSH4AicABecgya4Ai3QBgSk4AE8gWfr3nq0XqzX5WjByjMH4Aest08285Ny</latexit><latexit sha1_base64="4T7tC5+saCYBkfrmQK9ImcRNkok=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyFTrLa7ohsXLirYB3SGksmkbWgmMyQZoQ79EjcuFHHrp7jzb0zbEVT0QOBwzj3cmxMknCmN0IdVWFldW98obpa2tnd2y/befkfFqSS0TWIey16AFeVM0LZmmtNeIimOAk67weRy7nfvqFQsFrd6mlA/wiPBhoxgbaSBXfY04yHNvGuTCfFsYFeQU0Nu48yFyEELGFKtoUYdQTdXKiBHa2C/e2FM0ogKTThWqu+iRPsZlpoRTmclL1U0wWSCR7RvqMARVX62OHwGj40SwmEszRMaLtTviQxHSk2jwExGWI/Vb28u/uX1Uz2s+xkTSaqpIMtFw5RDHcN5CzBkkhLNp4ZgIpm5FZIxlpho01XJlPD1U/g/6VQdFznuzWmleZHXUQSH4AicABecgya4Ai3QBgSk4AE8gWfr3nq0XqzX5WjByjMH4Aest08285Ny</latexit><latexit sha1_base64="4T7tC5+saCYBkfrmQK9ImcRNkok=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyFTrLa7ohsXLirYB3SGksmkbWgmMyQZoQ79EjcuFHHrp7jzb0zbEVT0QOBwzj3cmxMknCmN0IdVWFldW98obpa2tnd2y/befkfFqSS0TWIey16AFeVM0LZmmtNeIimOAk67weRy7nfvqFQsFrd6mlA/wiPBhoxgbaSBXfY04yHNvGuTCfFsYFeQU0Nu48yFyEELGFKtoUYdQTdXKiBHa2C/e2FM0ogKTThWqu+iRPsZlpoRTmclL1U0wWSCR7RvqMARVX62OHwGj40SwmEszRMaLtTviQxHSk2jwExGWI/Vb28u/uX1Uz2s+xkTSaqpIMtFw5RDHcN5CzBkkhLNp4ZgIpm5FZIxlpho01XJlPD1U/g/6VQdFznuzWmleZHXUQSH4AicABecgya4Ai3QBgSk4AE8gWfr3nq0XqzX5WjByjMH4Aest08285Ny</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="0WFHeOpriMr6nle8p3PpysKKn8E=">AAAB7XicbZA7T8MwFIVvyquUQgMri0WFxFQlLDAisTAwFIk+pCaqHOemteo4ke0glai/hIUBhPg7bPwb3McALUeydHSOr3z9Rbng2njet1PZ2t7Z3avu1w7qh0cN97je1VmhGHZYJjLVj6hGwSV2DDcC+7lCmkYCe9Hkdt73nlBpnslHM80xTOlI8oQzamw0dBuB4SLGMri3MzGdDd2m1/IWIpvGX5kmrNQeul9BnLEiRWmYoFoPfC83YUmV4UzgrBYUGnPKJnSEA2slTVGH5WLxGTm3SUySTNkjDVmkvydKmmo9TSN7M6VmrNe7efhfNyhMch2WXOaFQcmWDyWFICYjcwok5gqZEVNrKFPc7krYmCrKjGVVsxD89S9vmu5ly/da/oMHVTiFM7gAH67gBu6gDR1gUMALvMG78+y8Oh9LXBVnxe0E/sj5/AGdjJHh</latexit><latexit sha1_base64="uyyrw6iGOKdKsb4amFu9ns3505U=">AAAB7XicdZBLSwMxFIXv1Fet1Y5u3QSL4GrIFKrtTnDjwkUF+4DOUDKZTBuaeZBkhDr0l7hxoYh/x53/xvQhqOiBwOGcXHLzBZngSmP8YZU2Nre2d8q7lb3q/kHNPqz2VJpLyro0FakcBEQxwRPW1VwLNsgkI3EgWD+YXi36/j2TiqfJnZ5lzI/JOOERp0SbaGTXPM1FyArvxsyEZD6y69hpYrd97iLs4KWMaTRxu4WRu07qsFZnZL97YUrzmCWaCqLU0MWZ9gsiNaeCzSterlhG6JSM2dDYhMRM+cVy8Tk6NUmIolSak2i0TL9PFCRWahYH5mZM9ET97hbhX90w11HLL3iS5ZoldPVQlAukU7SggEIuGdViZgyhkptdEZ0QSag2rCoGwtdP0f+m13Bc7Li3GMpwDCdwBi5cwCVcQwe6QCGHR3iGF+vBerJeV7hK1prbEfyQ9fYJ3gySDw==</latexit><latexit sha1_base64="jyNdsOfwhygHb4e1IQoDR5BwHcg=">AAAB+HicdVDLSgMxFM34rPXRUZdugkVwNWQK1XZXdOPCRQX7gM5QMplMG5rJDElGqEO/xI0LRdz6Ke78G9N2BBU9EDiccw/35gQpZ0oj9GGtrK6tb2yWtsrbO7t7FXv/oKuSTBLaIQlPZD/AinImaEczzWk/lRTHAae9YHI593t3VCqWiFs9Takf45FgESNYG2loVzzNeEhz79pkQjwb2lXk1JHbPHMhctAChtTqqNlA0C2UKijQHtrvXpiQLKZCE46VGrgo1X6OpWaE01nZyxRNMZngER0YKnBMlZ8vDp/BE6OEMEqkeULDhfo9keNYqWkcmMkY67H67c3Fv7xBpqOGnzORZpoKslwUZRzqBM5bgCGTlGg+NQQTycytkIyxxESbrsqmhK+fwv9Jt+a4yHFvULV1UdRRAkfgGJwCF5yDFrgCbdABBGTgATyBZ+veerRerNfl6IpVZA7BD1hvnzWzk24=</latexit><latexit sha1_base64="4T7tC5+saCYBkfrmQK9ImcRNkok=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyFTrLa7ohsXLirYB3SGksmkbWgmMyQZoQ79EjcuFHHrp7jzb0zbEVT0QOBwzj3cmxMknCmN0IdVWFldW98obpa2tnd2y/befkfFqSS0TWIey16AFeVM0LZmmtNeIimOAk67weRy7nfvqFQsFrd6mlA/wiPBhoxgbaSBXfY04yHNvGuTCfFsYFeQU0Nu48yFyEELGFKtoUYdQTdXKiBHa2C/e2FM0ogKTThWqu+iRPsZlpoRTmclL1U0wWSCR7RvqMARVX62OHwGj40SwmEszRMaLtTviQxHSk2jwExGWI/Vb28u/uX1Uz2s+xkTSaqpIMtFw5RDHcN5CzBkkhLNp4ZgIpm5FZIxlpho01XJlPD1U/g/6VQdFznuzWmleZHXUQSH4AicABecgya4Ai3QBgSk4AE8gWfr3nq0XqzX5WjByjMH4Aest08285Ny</latexit><latexit sha1_base64="4T7tC5+saCYBkfrmQK9ImcRNkok=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyFTrLa7ohsXLirYB3SGksmkbWgmMyQZoQ79EjcuFHHrp7jzb0zbEVT0QOBwzj3cmxMknCmN0IdVWFldW98obpa2tnd2y/befkfFqSS0TWIey16AFeVM0LZmmtNeIimOAk67weRy7nfvqFQsFrd6mlA/wiPBhoxgbaSBXfY04yHNvGuTCfFsYFeQU0Nu48yFyEELGFKtoUYdQTdXKiBHa2C/e2FM0ogKTThWqu+iRPsZlpoRTmclL1U0wWSCR7RvqMARVX62OHwGj40SwmEszRMaLtTviQxHSk2jwExGWI/Vb28u/uX1Uz2s+xkTSaqpIMtFw5RDHcN5CzBkkhLNp4ZgIpm5FZIxlpho01XJlPD1U/g/6VQdFznuzWmleZHXUQSH4AicABecgya4Ai3QBgSk4AE8gWfr3nq0XqzX5WjByjMH4Aest08285Ny</latexit><latexit sha1_base64="4T7tC5+saCYBkfrmQK9ImcRNkok=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyFTrLa7ohsXLirYB3SGksmkbWgmMyQZoQ79EjcuFHHrp7jzb0zbEVT0QOBwzj3cmxMknCmN0IdVWFldW98obpa2tnd2y/befkfFqSS0TWIey16AFeVM0LZmmtNeIimOAk67weRy7nfvqFQsFrd6mlA/wiPBhoxgbaSBXfY04yHNvGuTCfFsYFeQU0Nu48yFyEELGFKtoUYdQTdXKiBHa2C/e2FM0ogKTThWqu+iRPsZlpoRTmclL1U0wWSCR7RvqMARVX62OHwGj40SwmEszRMaLtTviQxHSk2jwExGWI/Vb28u/uX1Uz2s+xkTSaqpIMtFw5RDHcN5CzBkkhLNp4ZgIpm5FZIxlpho01XJlPD1U/g/6VQdFznuzWmleZHXUQSH4AicABecgya4Ai3QBgSk4AE8gWfr3nq0XqzX5WjByjMH4Aest08285Ny</latexit><latexit sha1_base64="4T7tC5+saCYBkfrmQK9ImcRNkok=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyFTrLa7ohsXLirYB3SGksmkbWgmMyQZoQ79EjcuFHHrp7jzb0zbEVT0QOBwzj3cmxMknCmN0IdVWFldW98obpa2tnd2y/befkfFqSS0TWIey16AFeVM0LZmmtNeIimOAk67weRy7nfvqFQsFrd6mlA/wiPBhoxgbaSBXfY04yHNvGuTCfFsYFeQU0Nu48yFyEELGFKtoUYdQTdXKiBHa2C/e2FM0ogKTThWqu+iRPsZlpoRTmclL1U0wWSCR7RvqMARVX62OHwGj40SwmEszRMaLtTviQxHSk2jwExGWI/Vb28u/uX1Uz2s+xkTSaqpIMtFw5RDHcN5CzBkkhLNp4ZgIpm5FZIxlpho01XJlPD1U/g/6VQdFznuzWmleZHXUQSH4AicABecgya4Ai3QBgSk4AE8gWfr3nq0XqzX5WjByjMH4Aest08285Ny</latexit><latexit sha1_base64="4T7tC5+saCYBkfrmQK9ImcRNkok=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyFTrLa7ohsXLirYB3SGksmkbWgmMyQZoQ79EjcuFHHrp7jzb0zbEVT0QOBwzj3cmxMknCmN0IdVWFldW98obpa2tnd2y/befkfFqSS0TWIey16AFeVM0LZmmtNeIimOAk67weRy7nfvqFQsFrd6mlA/wiPBhoxgbaSBXfY04yHNvGuTCfFsYFeQU0Nu48yFyEELGFKtoUYdQTdXKiBHa2C/e2FM0ogKTThWqu+iRPsZlpoRTmclL1U0wWSCR7RvqMARVX62OHwGj40SwmEszRMaLtTviQxHSk2jwExGWI/Vb28u/uX1Uz2s+xkTSaqpIMtFw5RDHcN5CzBkkhLNp4ZgIpm5FZIxlpho01XJlPD1U/g/6VQdFznuzWmleZHXUQSH4AicABecgya4Ai3QBgSk4AE8gWfr3nq0XqzX5WjByjMH4Aest08285Ny</latexit><latexit sha1_base64="4T7tC5+saCYBkfrmQK9ImcRNkok=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyFTrLa7ohsXLirYB3SGksmkbWgmMyQZoQ79EjcuFHHrp7jzb0zbEVT0QOBwzj3cmxMknCmN0IdVWFldW98obpa2tnd2y/befkfFqSS0TWIey16AFeVM0LZmmtNeIimOAk67weRy7nfvqFQsFrd6mlA/wiPBhoxgbaSBXfY04yHNvGuTCfFsYFeQU0Nu48yFyEELGFKtoUYdQTdXKiBHa2C/e2FM0ogKTThWqu+iRPsZlpoRTmclL1U0wWSCR7RvqMARVX62OHwGj40SwmEszRMaLtTviQxHSk2jwExGWI/Vb28u/uX1Uz2s+xkTSaqpIMtFw5RDHcN5CzBkkhLNp4ZgIpm5FZIxlpho01XJlPD1U/g/6VQdFznuzWmleZHXUQSH4AicABecgya4Ai3QBgSk4AE8gWfr3nq0XqzX5WjByjMH4Aest08285Ny</latexit>



from µb=2.6GeV
NNLO pQCD 

Kurkela+ (2014) 
Fraga+ (2014) 

BPS
fit of Drischler+ (2017)

interpolation 
by matching 4 

polytropes

On the importance of the outer-core
•Improved prescriptions known for outer core, e.g., Drischler+ 2017
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Lesson: radius constraints depends strongly on stiffness 
(uncertainty) of EOS for 0.5 . n/ns . 1.3
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On the importance of the outer-core
•Improved prescriptions known for outer core, e.g., Drischler+ 2017



•All EOSs so far are purely hadronic; a conservative but 
probably reasonable assumption.

• What about the possibility of phase transitions?
•These are not trivial but not too difficult to model.

What about phase transitions?



Mass-radius relations

•Presence of a phase transition 
leads to second stable branch 
and “twin-star” models.

1.2

1.4

1.6

1.8

2.0

M
[M

Ø
]

2.01<MTOV

§̃1.4 <800

2-æ3-æ

2.01<MTOV <2.16
§̃1.4 <800

8 9 10 11 12 13 14 15
R [km]

1.2

1.4

1.6

1.8

2.0

M
[M

Ø
]

2.01<MTOV <2.16
400< §̃1.4 <800

8 9 10 11 12 13 14 15
R [km]

hadronic
branch

twin
branch

PDF £ 10
§̃1.4 <800
2.01<MTOV <2.16

0.0

0.2

0.4

0.6

0.8

P
D

F
fo

r
pu

re
ha

dr
on

ic
E

O
Ss

0.0

0.2

0.4

0.6

0.8

P
D

F
fo

r
ph

as
e-

tr
an

si
ti

on
E

O
Ss

1.2

1.4

1.6

1.8

2.0

M
[M

Ø
]

2.01<MTOV

§̃1.4 <800

2-æ3-æ

2.01<MTOV <2.16
§̃1.4 <800

8 9 10 11 12 13 14 15
R [km]

1.2

1.4

1.6

1.8

2.0

M
[M

Ø
]

2.01<MTOV <2.16
400< §̃1.4 <800

8 9 10 11 12 13 14 15
R [km]

hadronic
branch

twin
branch

PDF £ 10
§̃1.4 <800
2.01<MTOV <2.16

0.0

0.2

0.4

0.6

0.8

P
D

F
fo

r
pu

re
ha

dr
on

ic
E

O
Ss

0.0

0.2

0.4

0.6

0.8

P
D

F
fo

r
ph

as
e-

tr
an

si
ti

on
E

O
Ss

Mass-radius relations
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Applying all constraints from GW170817:

12.00<R1.4/km<13.45
<latexit sha1_base64="BHsx3ho9Tmftg63/+RAR8lIK5v4=">AAACDHicbVC7TsMwFHXKq5RXgJHFpSAxhaQUARJDBQtjQZRWaqLIcd3Wqu1EtoNURf0BFn6FhQEQKx/Axt/gPgYoHMnS0Tnn6vqeKGFUadf9snJz8wuLS/nlwsrq2vqGvbl1p+JUYlLHMYtlM0KKMCpIXVPNSDORBPGIkUbUvxz5jXsiFY3FrR4kJOCoK2iHYqSNFNp7XtlxXb947hdvwsxzKsPDzJcc9vlwLHpHTuU4tEuuSY0A/xJvSkpgilpof/rtGKecCI0ZUqrluYkOMiQ1xYwMC36qSIJwH3VJy1CBOFFBNr5mCPeN0oadWJonNByrPycyxJUa8MgkOdI9NeuNxP+8Vqo7p0FGRZJqIvBkUSdlUMdwVA1sU0mwZgNDEJbU/BXiHpIIa1NgwZTgzZ78l9TLzpnjXVdK1YtpG3mwA3bBAfDACaiCK1ADdYDBA3gCL+DVerSerTfrfRLNWdOZbfAL1sc32DOX1Q==</latexit><latexit sha1_base64="BHsx3ho9Tmftg63/+RAR8lIK5v4=">AAACDHicbVC7TsMwFHXKq5RXgJHFpSAxhaQUARJDBQtjQZRWaqLIcd3Wqu1EtoNURf0BFn6FhQEQKx/Axt/gPgYoHMnS0Tnn6vqeKGFUadf9snJz8wuLS/nlwsrq2vqGvbl1p+JUYlLHMYtlM0KKMCpIXVPNSDORBPGIkUbUvxz5jXsiFY3FrR4kJOCoK2iHYqSNFNp7XtlxXb947hdvwsxzKsPDzJcc9vlwLHpHTuU4tEuuSY0A/xJvSkpgilpof/rtGKecCI0ZUqrluYkOMiQ1xYwMC36qSIJwH3VJy1CBOFFBNr5mCPeN0oadWJonNByrPycyxJUa8MgkOdI9NeuNxP+8Vqo7p0FGRZJqIvBkUSdlUMdwVA1sU0mwZgNDEJbU/BXiHpIIa1NgwZTgzZ78l9TLzpnjXVdK1YtpG3mwA3bBAfDACaiCK1ADdYDBA3gCL+DVerSerTfrfRLNWdOZbfAL1sc32DOX1Q==</latexit><latexit sha1_base64="BHsx3ho9Tmftg63/+RAR8lIK5v4=">AAACDHicbVC7TsMwFHXKq5RXgJHFpSAxhaQUARJDBQtjQZRWaqLIcd3Wqu1EtoNURf0BFn6FhQEQKx/Axt/gPgYoHMnS0Tnn6vqeKGFUadf9snJz8wuLS/nlwsrq2vqGvbl1p+JUYlLHMYtlM0KKMCpIXVPNSDORBPGIkUbUvxz5jXsiFY3FrR4kJOCoK2iHYqSNFNp7XtlxXb947hdvwsxzKsPDzJcc9vlwLHpHTuU4tEuuSY0A/xJvSkpgilpof/rtGKecCI0ZUqrluYkOMiQ1xYwMC36qSIJwH3VJy1CBOFFBNr5mCPeN0oadWJonNByrPycyxJUa8MgkOdI9NeuNxP+8Vqo7p0FGRZJqIvBkUSdlUMdwVA1sU0mwZgNDEJbU/BXiHpIIa1NgwZTgzZ78l9TLzpnjXVdK1YtpG3mwA3bBAfDACaiCK1ADdYDBA3gCL+DVerSerTfrfRLNWdOZbfAL1sc32DOX1Q==</latexit><latexit sha1_base64="BHsx3ho9Tmftg63/+RAR8lIK5v4=">AAACDHicbVC7TsMwFHXKq5RXgJHFpSAxhaQUARJDBQtjQZRWaqLIcd3Wqu1EtoNURf0BFn6FhQEQKx/Axt/gPgYoHMnS0Tnn6vqeKGFUadf9snJz8wuLS/nlwsrq2vqGvbl1p+JUYlLHMYtlM0KKMCpIXVPNSDORBPGIkUbUvxz5jXsiFY3FrR4kJOCoK2iHYqSNFNp7XtlxXb947hdvwsxzKsPDzJcc9vlwLHpHTuU4tEuuSY0A/xJvSkpgilpof/rtGKecCI0ZUqrluYkOMiQ1xYwMC36qSIJwH3VJy1CBOFFBNr5mCPeN0oadWJonNByrPycyxJUa8MgkOdI9NeuNxP+8Vqo7p0FGRZJqIvBkUSdlUMdwVA1sU0mwZgNDEJbU/BXiHpIIa1NgwZTgzZ78l9TLzpnjXVdK1YtpG3mwA3bBAfDACaiCK1ADdYDBA3gCL+DVerSerTfrfRLNWdOZbfAL1sc32DOX1Q==</latexit>

R̄1.4 = 12.45 km
<latexit sha1_base64="XeqZHQP85XGNbA98biivFuM18dQ=">AAACBXicbVBNS8NAEN3Ur1q/oh5FWCyCBwlJqagHoejFYxVjC00Im+22XbqbhN2NUEJOXvwrXjyoePU/ePPfuG1z0NYHA4/3ZpiZFyaMSmXb30ZpYXFpeaW8Wllb39jcMrd37mWcCkxcHLNYtEMkCaMRcRVVjLQTQRAPGWmFw6ux33ogQtI4ulOjhPgc9SPaoxgpLQXmvhcikd3mQeZY9fzCqVn1E+848wSHQ54HZtW27AngPHEKUgUFmoH55XVjnHISKcyQlB3HTpSfIaEoZiSveKkkCcJD1CcdTSPEifSzyRs5PNRKF/ZioStScKL+nsgQl3LEQ93JkRrIWW8s/ud1UtU78zMaJakiEZ4u6qUMqhiOM4FdKghWbKQJwoLqWyEeIIGw0slVdAjO7MvzxK1Z55ZzU682Los0ymAPHIAj4IBT0ADXoAlcgMEjeAav4M14Ml6Md+Nj2loyipld8AfG5w9SdJdQ</latexit><latexit sha1_base64="XeqZHQP85XGNbA98biivFuM18dQ=">AAACBXicbVBNS8NAEN3Ur1q/oh5FWCyCBwlJqagHoejFYxVjC00Im+22XbqbhN2NUEJOXvwrXjyoePU/ePPfuG1z0NYHA4/3ZpiZFyaMSmXb30ZpYXFpeaW8Wllb39jcMrd37mWcCkxcHLNYtEMkCaMRcRVVjLQTQRAPGWmFw6ux33ogQtI4ulOjhPgc9SPaoxgpLQXmvhcikd3mQeZY9fzCqVn1E+848wSHQ54HZtW27AngPHEKUgUFmoH55XVjnHISKcyQlB3HTpSfIaEoZiSveKkkCcJD1CcdTSPEifSzyRs5PNRKF/ZioStScKL+nsgQl3LEQ93JkRrIWW8s/ud1UtU78zMaJakiEZ4u6qUMqhiOM4FdKghWbKQJwoLqWyEeIIGw0slVdAjO7MvzxK1Z55ZzU682Los0ymAPHIAj4IBT0ADXoAlcgMEjeAav4M14Ml6Md+Nj2loyipld8AfG5w9SdJdQ</latexit><latexit sha1_base64="XeqZHQP85XGNbA98biivFuM18dQ=">AAACBXicbVBNS8NAEN3Ur1q/oh5FWCyCBwlJqagHoejFYxVjC00Im+22XbqbhN2NUEJOXvwrXjyoePU/ePPfuG1z0NYHA4/3ZpiZFyaMSmXb30ZpYXFpeaW8Wllb39jcMrd37mWcCkxcHLNYtEMkCaMRcRVVjLQTQRAPGWmFw6ux33ogQtI4ulOjhPgc9SPaoxgpLQXmvhcikd3mQeZY9fzCqVn1E+848wSHQ54HZtW27AngPHEKUgUFmoH55XVjnHISKcyQlB3HTpSfIaEoZiSveKkkCcJD1CcdTSPEifSzyRs5PNRKF/ZioStScKL+nsgQl3LEQ93JkRrIWW8s/ud1UtU78zMaJakiEZ4u6qUMqhiOM4FdKghWbKQJwoLqWyEeIIGw0slVdAjO7MvzxK1Z55ZzU682Los0ymAPHIAj4IBT0ADXoAlcgMEjeAav4M14Ml6Md+Nj2loyipld8AfG5w9SdJdQ</latexit><latexit sha1_base64="XeqZHQP85XGNbA98biivFuM18dQ=">AAACBXicbVBNS8NAEN3Ur1q/oh5FWCyCBwlJqagHoejFYxVjC00Im+22XbqbhN2NUEJOXvwrXjyoePU/ePPfuG1z0NYHA4/3ZpiZFyaMSmXb30ZpYXFpeaW8Wllb39jcMrd37mWcCkxcHLNYtEMkCaMRcRVVjLQTQRAPGWmFw6ux33ogQtI4ulOjhPgc9SPaoxgpLQXmvhcikd3mQeZY9fzCqVn1E+848wSHQ54HZtW27AngPHEKUgUFmoH55XVjnHISKcyQlB3HTpSfIaEoZiSveKkkCcJD1CcdTSPEifSzyRs5PNRKF/ZioStScKL+nsgQl3LEQ93JkRrIWW8s/ud1UtU78zMaJakiEZ4u6qUMqhiOM4FdKghWbKQJwoLqWyEeIIGw0slVdAjO7MvzxK1Z55ZzU682Los0ymAPHIAj4IBT0ADXoAlcgMEjeAav4M14Ml6Md+Nj2loyipld8AfG5w9SdJdQ</latexit>

hadronic EOS

phase
transitions8.53<R1.4/km<13.74

<latexit sha1_base64="e62iruTB4LZWx4qZGorKJbMxEsc=">AAACDHicbVC7TsMwFHXKq5RXgZHFpUJiCgktageGChbGguhDaqLKcZ3Wqp1EtoNURfkAFn6FhQGEWPkANv4GN+0ALUeydHTOubq+x4sYlcqyvo3cyura+kZ+s7C1vbO7V9w/aMswFpi0cMhC0fWQJIwGpKWoYqQbCYK4x0jHG19P/c4DEZKGwb2aRMTlaBhQn2KktNQvluvmRcUpXTqlu35im9X0LHEEh2OeZqJdMWtVnbJMKwNcJvaclMEczX7xyxmEOOYkUJghKXu2FSk3QUJRzEhacGJJIoTHaEh6mgaIE+km2TEpPNHKAPqh0C9QMFN/TySISznhnk5ypEZy0ZuK/3m9WPl1N6FBFCsS4NkiP2ZQhXDaDBxQQbBiE00QFlT/FeIREggr3V9Bl2AvnrxM2uembZn2bbXcuJrXkQdH4BicAhvUQAPcgCZoAQwewTN4BW/Gk/FivBsfs2jOmM8cgj8wPn8AF2KX1g==</latexit><latexit sha1_base64="e62iruTB4LZWx4qZGorKJbMxEsc=">AAACDHicbVC7TsMwFHXKq5RXgZHFpUJiCgktageGChbGguhDaqLKcZ3Wqp1EtoNURfkAFn6FhQGEWPkANv4GN+0ALUeydHTOubq+x4sYlcqyvo3cyura+kZ+s7C1vbO7V9w/aMswFpi0cMhC0fWQJIwGpKWoYqQbCYK4x0jHG19P/c4DEZKGwb2aRMTlaBhQn2KktNQvluvmRcUpXTqlu35im9X0LHEEh2OeZqJdMWtVnbJMKwNcJvaclMEczX7xyxmEOOYkUJghKXu2FSk3QUJRzEhacGJJIoTHaEh6mgaIE+km2TEpPNHKAPqh0C9QMFN/TySISznhnk5ypEZy0ZuK/3m9WPl1N6FBFCsS4NkiP2ZQhXDaDBxQQbBiE00QFlT/FeIREggr3V9Bl2AvnrxM2uembZn2bbXcuJrXkQdH4BicAhvUQAPcgCZoAQwewTN4BW/Gk/FivBsfs2jOmM8cgj8wPn8AF2KX1g==</latexit><latexit sha1_base64="e62iruTB4LZWx4qZGorKJbMxEsc=">AAACDHicbVC7TsMwFHXKq5RXgZHFpUJiCgktageGChbGguhDaqLKcZ3Wqp1EtoNURfkAFn6FhQGEWPkANv4GN+0ALUeydHTOubq+x4sYlcqyvo3cyura+kZ+s7C1vbO7V9w/aMswFpi0cMhC0fWQJIwGpKWoYqQbCYK4x0jHG19P/c4DEZKGwb2aRMTlaBhQn2KktNQvluvmRcUpXTqlu35im9X0LHEEh2OeZqJdMWtVnbJMKwNcJvaclMEczX7xyxmEOOYkUJghKXu2FSk3QUJRzEhacGJJIoTHaEh6mgaIE+km2TEpPNHKAPqh0C9QMFN/TySISznhnk5ypEZy0ZuK/3m9WPl1N6FBFCsS4NkiP2ZQhXDaDBxQQbBiE00QFlT/FeIREggr3V9Bl2AvnrxM2uembZn2bbXcuJrXkQdH4BicAhvUQAPcgCZoAQwewTN4BW/Gk/FivBsfs2jOmM8cgj8wPn8AF2KX1g==</latexit><latexit sha1_base64="e62iruTB4LZWx4qZGorKJbMxEsc=">AAACDHicbVC7TsMwFHXKq5RXgZHFpUJiCgktageGChbGguhDaqLKcZ3Wqp1EtoNURfkAFn6FhQGEWPkANv4GN+0ALUeydHTOubq+x4sYlcqyvo3cyura+kZ+s7C1vbO7V9w/aMswFpi0cMhC0fWQJIwGpKWoYqQbCYK4x0jHG19P/c4DEZKGwb2aRMTlaBhQn2KktNQvluvmRcUpXTqlu35im9X0LHEEh2OeZqJdMWtVnbJMKwNcJvaclMEczX7xyxmEOOYkUJghKXu2FSk3QUJRzEhacGJJIoTHaEh6mgaIE+km2TEpPNHKAPqh0C9QMFN/TySISznhnk5ypEZy0ZuK/3m9WPl1N6FBFCsS4NkiP2ZQhXDaDBxQQbBiE00QFlT/FeIREggr3V9Bl2AvnrxM2uembZn2bbXcuJrXkQdH4BicAhvUQAPcgCZoAQwewTN4BW/Gk/FivBsfs2jOmM8cgj8wPn8AF2KX1g==</latexit>

R̄1.4 = 13.06 km
<latexit sha1_base64="0yzDiom00zbV8JRn5Tb7TvOcM7g=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQkKiRd0IRTcuq9gHNCFMppN26EwSZiZCCVm58VfcuFDErd/gzr9x2mahrQcuHM65l3vvCRJGpbLtb6O0sLi0vFJeraytb2xumds7LRmnApMmjlksOgGShNGINBVVjHQSQRAPGGkHw+ux334gQtI4ulejhHgc9SMaUoyUlnxz3w2QyO5yP3OsWn7pnFr2mXucuYLDIc99s2pb9gRwnjgFqYICDd/8cnsxTjmJFGZIyq5jJ8rLkFAUM5JX3FSSBOEh6pOuphHiRHrZ5I0cHmqlB8NY6IoUnKi/JzLEpRzxQHdypAZy1huL/3ndVIUXXkajJFUkwtNFYcqgiuE4E9ijgmDFRpogLKi+FeIBEggrnVxFh+DMvjxPWieWY1vOba1avyriKIM9cACOgAPOQR3cgAZoAgwewTN4BW/Gk/FivBsf09aSUczsgj8wPn8A6mOXeg==</latexit><latexit sha1_base64="0yzDiom00zbV8JRn5Tb7TvOcM7g=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQkKiRd0IRTcuq9gHNCFMppN26EwSZiZCCVm58VfcuFDErd/gzr9x2mahrQcuHM65l3vvCRJGpbLtb6O0sLi0vFJeraytb2xumds7LRmnApMmjlksOgGShNGINBVVjHQSQRAPGGkHw+ux334gQtI4ulejhHgc9SMaUoyUlnxz3w2QyO5yP3OsWn7pnFr2mXucuYLDIc99s2pb9gRwnjgFqYICDd/8cnsxTjmJFGZIyq5jJ8rLkFAUM5JX3FSSBOEh6pOuphHiRHrZ5I0cHmqlB8NY6IoUnKi/JzLEpRzxQHdypAZy1huL/3ndVIUXXkajJFUkwtNFYcqgiuE4E9ijgmDFRpogLKi+FeIBEggrnVxFh+DMvjxPWieWY1vOba1avyriKIM9cACOgAPOQR3cgAZoAgwewTN4BW/Gk/FivBsf09aSUczsgj8wPn8A6mOXeg==</latexit><latexit sha1_base64="0yzDiom00zbV8JRn5Tb7TvOcM7g=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQkKiRd0IRTcuq9gHNCFMppN26EwSZiZCCVm58VfcuFDErd/gzr9x2mahrQcuHM65l3vvCRJGpbLtb6O0sLi0vFJeraytb2xumds7LRmnApMmjlksOgGShNGINBVVjHQSQRAPGGkHw+ux334gQtI4ulejhHgc9SMaUoyUlnxz3w2QyO5yP3OsWn7pnFr2mXucuYLDIc99s2pb9gRwnjgFqYICDd/8cnsxTjmJFGZIyq5jJ8rLkFAUM5JX3FSSBOEh6pOuphHiRHrZ5I0cHmqlB8NY6IoUnKi/JzLEpRzxQHdypAZy1huL/3ndVIUXXkajJFUkwtNFYcqgiuE4E9ijgmDFRpogLKi+FeIBEggrnVxFh+DMvjxPWieWY1vOba1avyriKIM9cACOgAPOQR3cgAZoAgwewTN4BW/Gk/FivBsf09aSUczsgj8wPn8A6mOXeg==</latexit><latexit sha1_base64="0yzDiom00zbV8JRn5Tb7TvOcM7g=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQkKiRd0IRTcuq9gHNCFMppN26EwSZiZCCVm58VfcuFDErd/gzr9x2mahrQcuHM65l3vvCRJGpbLtb6O0sLi0vFJeraytb2xumds7LRmnApMmjlksOgGShNGINBVVjHQSQRAPGGkHw+ux334gQtI4ulejhHgc9SMaUoyUlnxz3w2QyO5yP3OsWn7pnFr2mXucuYLDIc99s2pb9gRwnjgFqYICDd/8cnsxTjmJFGZIyq5jJ8rLkFAUM5JX3FSSBOEh6pOuphHiRHrZ5I0cHmqlB8NY6IoUnKi/JzLEpRzxQHdypAZy1huL/3ndVIUXXkajJFUkwtNFYcqgiuE4E9ijgmDFRpogLKi+FeIBEggrnVxFh+DMvjxPWieWY1vOba1avyriKIM9cACOgAPOQR3cgAZoAgwewTN4BW/Gk/FivBsf09aSUczsgj8wPn8A6mOXeg==</latexit>

One-dimensional cuts: PTs



• Can repeat considerations with EOSs having PTs

Constraining tidal deformability: PTs

• Large masses have 
sharp cut-off on 
upper limit:

⇤̃1.7 . 460
<latexit sha1_base64="muFrVI5ILhSeHCcTtY6wq8RUK4M=">AAACC3icbVC7SgNBFJ2Nrxhfq5Y2Q4JgFXYlGMugjYVFBPOA7BJmZ+8mQ2YfzMwKYdnexl+xsVDE1h+w82+cJFto4oGBwzn3cOceL+FMKsv6Nkpr6xubW+Xtys7u3v6BeXjUlXEqKHRozGPR94gEziLoKKY49BMBJPQ49LzJ9czvPYCQLI7u1TQBNySjiAWMEqWloVl1FOM+ZM6tzvgkH2Z2vZljh4OUkoW4cWENzZpVt+bAq8QuSA0VaA/NL8ePaRpCpCgnUg5sK1FuRoRilENecVIJCaETMoKBphEJQbrZ/JYcn2rFx0Es9IsUnqu/ExkJpZyGnp4MiRrLZW8m/ucNUhVcuhmLklRBRBeLgpRjFeNZMdhnAqjiU00IFUz/FdMxEYQqXV9Fl2Avn7xKuud126rbd41a66qoo4xOUBWdIRs1UQvdoDbqIIoe0TN6RW/Gk/FivBsfi9GSUWSO0R8Ynz+wcpol</latexit><latexit sha1_base64="muFrVI5ILhSeHCcTtY6wq8RUK4M=">AAACC3icbVC7SgNBFJ2Nrxhfq5Y2Q4JgFXYlGMugjYVFBPOA7BJmZ+8mQ2YfzMwKYdnexl+xsVDE1h+w82+cJFto4oGBwzn3cOceL+FMKsv6Nkpr6xubW+Xtys7u3v6BeXjUlXEqKHRozGPR94gEziLoKKY49BMBJPQ49LzJ9czvPYCQLI7u1TQBNySjiAWMEqWloVl1FOM+ZM6tzvgkH2Z2vZljh4OUkoW4cWENzZpVt+bAq8QuSA0VaA/NL8ePaRpCpCgnUg5sK1FuRoRilENecVIJCaETMoKBphEJQbrZ/JYcn2rFx0Es9IsUnqu/ExkJpZyGnp4MiRrLZW8m/ucNUhVcuhmLklRBRBeLgpRjFeNZMdhnAqjiU00IFUz/FdMxEYQqXV9Fl2Avn7xKuud126rbd41a66qoo4xOUBWdIRs1UQvdoDbqIIoe0TN6RW/Gk/FivBsfi9GSUWSO0R8Ynz+wcpol</latexit><latexit sha1_base64="muFrVI5ILhSeHCcTtY6wq8RUK4M=">AAACC3icbVC7SgNBFJ2Nrxhfq5Y2Q4JgFXYlGMugjYVFBPOA7BJmZ+8mQ2YfzMwKYdnexl+xsVDE1h+w82+cJFto4oGBwzn3cOceL+FMKsv6Nkpr6xubW+Xtys7u3v6BeXjUlXEqKHRozGPR94gEziLoKKY49BMBJPQ49LzJ9czvPYCQLI7u1TQBNySjiAWMEqWloVl1FOM+ZM6tzvgkH2Z2vZljh4OUkoW4cWENzZpVt+bAq8QuSA0VaA/NL8ePaRpCpCgnUg5sK1FuRoRilENecVIJCaETMoKBphEJQbrZ/JYcn2rFx0Es9IsUnqu/ExkJpZyGnp4MiRrLZW8m/ucNUhVcuhmLklRBRBeLgpRjFeNZMdhnAqjiU00IFUz/FdMxEYQqXV9Fl2Avn7xKuud126rbd41a66qoo4xOUBWdIRs1UQvdoDbqIIoe0TN6RW/Gk/FivBsfi9GSUWSO0R8Ynz+wcpol</latexit><latexit sha1_base64="muFrVI5ILhSeHCcTtY6wq8RUK4M=">AAACC3icbVC7SgNBFJ2Nrxhfq5Y2Q4JgFXYlGMugjYVFBPOA7BJmZ+8mQ2YfzMwKYdnexl+xsVDE1h+w82+cJFto4oGBwzn3cOceL+FMKsv6Nkpr6xubW+Xtys7u3v6BeXjUlXEqKHRozGPR94gEziLoKKY49BMBJPQ49LzJ9czvPYCQLI7u1TQBNySjiAWMEqWloVl1FOM+ZM6tzvgkH2Z2vZljh4OUkoW4cWENzZpVt+bAq8QuSA0VaA/NL8ePaRpCpCgnUg5sK1FuRoRilENecVIJCaETMoKBphEJQbrZ/JYcn2rFx0Es9IsUnqu/ExkJpZyGnp4MiRrLZW8m/ucNUhVcuhmLklRBRBeLgpRjFeNZMdhnAqjiU00IFUz/FdMxEYQqXV9Fl2Avn7xKuud126rbd41a66qoo4xOUBWdIRs1UQvdoDbqIIoe0TN6RW/Gk/FivBsfi9GSUWSO0R8Ynz+wcpol</latexit>

• Lower limit much weaker: ⇤̃1.4 & 35
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Hence, detection 
with             
would rule out 
twin stars!
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Phase transitions and their 
signatures

Most, Papenfort, Dexheimer, Hanauske, Schramm, Stoecker, LR (2019)
Weih, Hanauske, LR (2020)



• Isolated neutron stars probe a small fraction of phase diagram.

• Neutron-star binary mergers reach temperatures up to      
80 MeV and probe regions complementary to experiments.

• Considered EOS based on Chiral Mean Field (CMF) model, 
based on a nonlinear SU(3) sigma model.

• Appearance of quarks can be introduced naturally.



Animations: Weih, Most, LR
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Quarks appear at sufficiently large 
temperatures and densities.

When this happens the EOS is 
considerably softened.
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• For EOS without quarks, the 
dynamics (temperature distrib.) 
is very similar, but no PT.

• Quarks appear at sufficiently 
large temperatures and 
densities.



Comparing with the phase diagram
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•Phase diagram with quark fraction



•Phase diagram with quark fraction
•Circles show the position in the diagram of the maximum 
temperature as a function of time
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Comparing with the phase diagram



•Reported are the evolution of the max. temperature and density.
•Quarks appear already early on, but only in small fractions.
•Once sufficient density is reached, a full phase transition takes place.
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Comparing with the phase diagram
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Gravitational-wave emission

•After ~ 5 ms, quark fraction is large enough to change quadrupole 
moment and yield differences in the waveforms.

•Sudden softening of the phase transition leads to collapse and large 
difference in phase evolution.

GW frequencies

waveforms

phase difference

Observing mismatch between inspiral (fully hadronic) and 
post-merger (phase transition): clear signature of a PT.



°6

°4

°2

0

2

4

h
22 +

at
10

0
M

p
c

£10°22

hadronic

with quarks

°10 °5 0 5 10 15 20
t ° tmer [ms]

0.0

1.5

3.0

¢
¡

[r
ad

]

°5 0 5 10 15 20
t ° tmer [ms]

M = 2.8 MØ

0

2

4

6

8

10

12

f G
W

[k
H

z]

M = 2.9 MØ

0.00 0.25 0.50 0.75 1.00
°1.5

0.0

1.5 £10°22 aligned ringdown

•In low-mass binary, after ~ 5 ms, quark fraction is large enough to 
change quadrupole moment and yield differences in the waveforms.

“low-mass” binary “high-mass” binary

•In high-mass binary, phase transition takes place rapidly after ~ 5 ms. 
Waveforms are similar but ringdown is different (free fall for PT).
Observing mismatch between inspiral (fully hadronic) and 
post-merger (phase transition): clear signature of a PT.

Gravitational-wave emission



A more comprehensive picture
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We have recently added another possible scenario for a 
post-merger PT, which completes the picture of possible 
scenarios (Weih, Hanauske, LR 2020).
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A more comprehensive picture
We have recently added another possible scenario for a 
post-merger PT, which completes the picture of possible 
scenarios (Weih+, 1912.09340).
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We have recently added another possible scenario for a 
post-merger PT, which completes the picture of possible 
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Characteristic properties of twin-stars: note the presence 
of a second stable branch of equilibrium configurations

A more comprehensive picture

cf. Weih+ 20199 10 11 12 13
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A more comprehensive picture
Best understood in terms of the evolution of the normalise 
maximum rest-mass density: ⇢max/⇢0
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A more comprehensive picture
Comparison of density and temperature distributions on the 
equatorial plane for binaries with and without a DPT. Note 
the hot ring in the mixed phase present in the case of DPT

°10 0

°15

°10

°5

0

5

10

15

y
[k

m
]

DPT

mixed phase

pure quark phase

x [km]

Ω/
Ω 0

0 10

NPT
°10 0

DPT

x [km]

0 10

°15

°10

°5

0

5

10

15

NPT
0

10

20

30

40

50

T
[M

eV
]

1

2

3

4

5



°2.5

0.0

2.5

h
22 +

[1
00

M
p
c]

£1022

M = 2.68 MØ M = 2.68 MØ M = 2.64 MØ M = 2.64 MØ

°5 0 5 10
t ° tmerg [ms]

1

2

3

f G
W

[k
H

z]

NPT

°5 0 5 10
t ° tmerg [ms]

PTTC

°5 0 5 10
t ° tmerg [ms]

NPT

°5 0 5 10
t ° tmerg [ms]

DPT

Different signatures are also quite transparent when shown 
in terms of the gravitational waves and their spectrograms.

A more comprehensive picture

Importance of DPT is that it leads to two different “stable”             
frequencies that are easily distinguishable in the PSD

f2
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Different signatures are also quite transparent when shown 
in terms of the gravitational waves and their spectrograms.

A more comprehensive picture
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frequencies that are easily distinguishable in the PSD

f2

<latexit sha1_base64="q+TdQONRsEL6kyCtpcot4eIx1WA=">AAAB6nicdVDJSgNBEK2OW4xb1KOXxiB4GmZiIPEW9OIxolkgGUJPpydp0tMzdPcIYcgnePGgiFe/yJt/Y2cRXB8UPN6roqpekAiujeu+o9zK6tr6Rn6zsLW9s7tX3D9o6ThVlDVpLGLVCYhmgkvWNNwI1kkUI1EgWDsYX8789h1Tmsfy1kwS5kdkKHnIKTFWugn75X6x5DrntepZrYx/E89x5yjBEo1+8a03iGkaMWmoIFp3PTcxfkaU4VSwaaGXapYQOiZD1rVUkohpP5ufOsUnVhngMFa2pMFz9etERiKtJ1FgOyNiRvqnNxP/8rqpCWt+xmWSGibpYlGYCmxiPPsbD7hi1IiJJYQqbm/FdEQUocamU7AhfH6K/yetsuNVnMp1pVS/WMaRhyM4hlPwoAp1uIIGNIHCEO7hEZ6QQA/oGb0sWnNoOXMI34BePwCU7o4F</latexit>



A more comprehensive picture
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Another signatures is appearance of an                     mode` = 2,m = 1

<latexit sha1_base64="CJ4dCNE3AxwW3H+F/yDN/EO2w+w=">AAAB8nicdVDLSgNBEOyNrxhfUY9eBoPgQZbdENEcAkEvHiOYRNgsYXYymwyZmV1mZoUQ8hlePCji1a/x5t84eQg+CxqKqm66u6KUM208793JLS2vrK7l1wsbm1vbO8XdvZZOMkVokyQ8UbcR1pQzSZuGGU5vU0WxiDhtR8PLqd++o0qzRN6YUUpDgfuSxYxgY6WgQzmvlU+QqPndYslzq1XPAv0mvuvNUIIFGt3iW6eXkExQaQjHWge+l5pwjJVhhNNJoZNpmmIyxH0aWCqxoDocz06eoCOr9FCcKFvSoJn6dWKMhdYjEdlOgc1A//Sm4l9ekJn4PBwzmWaGSjJfFGccmQRN/0c9pigxfGQJJorZWxEZYIWJsSkVbAifn6L/Savs+hX39LpSql8s4sjDARzCMfhwBnW4ggY0gUAC9/AIT45xHpxn52XemnMWM/vwDc7rB9hkkFU=</latexit>

The mode is triggered by the PT and the non-axisymmetric 
deformations it produces.



Conclusions
✴Spectra of post-merger shows peaks, some ”quasi-universal”.

✴A phase transition after a BNS merger leaves GW signatures 
and opens a gate to access quark matter beyond accelerators

✴When used together with tens of observations, they will set 
tight constraints on EOS: radius known with ~1 km precision.

✴Merging binaries with magnetic fields can lead to the formation 
of jet structures and match phenomenology of SGRBs.

✴GW170817 has already provided new limits on
maximum mass2.01+0.04

�0.04  M
TOV

/M�  2.16+0.17
�0.15

<latexit sha1_base64="rbYzyG5iKjkcpt9IVIMDGP+Mf/c="></latexit>

radius, tidal deformability⇤̃1.4 > 375

<latexit sha1_base64="j4kkkX/YInRTXJ9Qw9eDgofulFo=">AAACBHicdVDLSsNAFJ3UV62vqMtuBovgKiQaqd1I0Y0LFxXsA5oQJpNJO3TyYGYilJCFG3/FjQtF3PoR7vwbpw/B54GBwzn3cOceP2VUSNN810oLi0vLK+XVytr6xuaWvr3TEUnGMWnjhCW85yNBGI1JW1LJSC/lBEU+I11/dD7xuzeEC5rE13KcEjdCg5iGFCOpJE+vOpKygOTOpcoEqPByy7ALeAqP6seeXjONRsNUgL+JZZhT1MAcLU9/c4IEZxGJJWZIiL5lptLNEZcUM1JUnEyQFOERGpC+ojGKiHDz6REF3FdKAMOEqxdLOFW/JnIUCTGOfDUZITkUP72J+JfXz2R44uY0TjNJYjxbFGYMygROGoEB5QRLNlYEYU7VXyEeIo6wVL1VVAmfl8L/SefQsGzDvrJrzbN5HWVQBXvgAFigDprgArRAG2BwC+7BI3jS7rQH7Vl7mY2WtHlmF3yD9voB9V+XAA==</latexit>

12.00 < R1.4/km < 13.45

hR1.4i = 12.45 km

<latexit sha1_base64="UHMG/0+l3ZfSFAkU9d3dNttDsSc="></latexit>

threshold massR
TOV

� 9.74+0.14
�0.04 km

<latexit sha1_base64="VcVGILIaVhrTqW7FR20cwnkNJA8="></latexit>

Mth/MTOV
⇡ 1.41

<latexit sha1_base64="iyxSZ9xiJd7yHLhM6UW0heoYh+A=">AAACD3icdVDLSsNAFJ34rPUVdelmsCiuYlIDrbuiGzdihb6gCWEynbRDJw9mJmIJ+QM3/oobF4q4devOv3H6EHweuHDmnHuZe4+fMCqkab5rc/MLi0vLhZXi6tr6xqa+td0SccoxaeKYxbzjI0EYjUhTUslIJ+EEhT4jbX94Nvbb14QLGkcNOUqIG6J+RAOKkVSSpx9ceJnDQygH+ZGi00fjspXn0EFJwuMbaBm25ekl0zipVo6rZfibWIY5QQnMUPf0N6cX4zQkkcQMCdG1zES6GeKSYkbyopMKkiA8RH3SVTRCIRFuNrknh/tK6cEg5qoiCSfq14kMhUKMQl91hkgOxE9vLP7ldVMZVN2MRkkqSYSnHwUpgzKG43Bgj3KCJRspgjCnaleIB4gjLFWERRXC56Xwf9IqG5Zt2Fd2qXY6i6MAdsEeOAQWqIAaOAd10AQY3IJ78AietDvtQXvWXqatc9psZgd8g/b6Ad7km/A=</latexit>



Recap

phase transitions8.53<R1.4/km<13.74
<latexit sha1_base64="e62iruTB4LZWx4qZGorKJbMxEsc=">AAACDHicbVC7TsMwFHXKq5RXgZHFpUJiCgktageGChbGguhDaqLKcZ3Wqp1EtoNURfkAFn6FhQGEWPkANv4GN+0ALUeydHTOubq+x4sYlcqyvo3cyura+kZ+s7C1vbO7V9w/aMswFpi0cMhC0fWQJIwGpKWoYqQbCYK4x0jHG19P/c4DEZKGwb2aRMTlaBhQn2KktNQvluvmRcUpXTqlu35im9X0LHEEh2OeZqJdMWtVnbJMKwNcJvaclMEczX7xyxmEOOYkUJghKXu2FSk3QUJRzEhacGJJIoTHaEh6mgaIE+km2TEpPNHKAPqh0C9QMFN/TySISznhnk5ypEZy0ZuK/3m9WPl1N6FBFCsS4NkiP2ZQhXDaDBxQQbBiE00QFlT/FeIREggr3V9Bl2AvnrxM2uembZn2bbXcuJrXkQdH4BicAhvUQAPcgCZoAQwewTN4BW/Gk/FivBsfs2jOmM8cgj8wPn8AF2KX1g==</latexit><latexit sha1_base64="e62iruTB4LZWx4qZGorKJbMxEsc=">AAACDHicbVC7TsMwFHXKq5RXgZHFpUJiCgktageGChbGguhDaqLKcZ3Wqp1EtoNURfkAFn6FhQGEWPkANv4GN+0ALUeydHTOubq+x4sYlcqyvo3cyura+kZ+s7C1vbO7V9w/aMswFpi0cMhC0fWQJIwGpKWoYqQbCYK4x0jHG19P/c4DEZKGwb2aRMTlaBhQn2KktNQvluvmRcUpXTqlu35im9X0LHEEh2OeZqJdMWtVnbJMKwNcJvaclMEczX7xyxmEOOYkUJghKXu2FSk3QUJRzEhacGJJIoTHaEh6mgaIE+km2TEpPNHKAPqh0C9QMFN/TySISznhnk5ypEZy0ZuK/3m9WPl1N6FBFCsS4NkiP2ZQhXDaDBxQQbBiE00QFlT/FeIREggr3V9Bl2AvnrxM2uembZn2bbXcuJrXkQdH4BicAhvUQAPcgCZoAQwewTN4BW/Gk/FivBsfs2jOmM8cgj8wPn8AF2KX1g==</latexit><latexit sha1_base64="e62iruTB4LZWx4qZGorKJbMxEsc=">AAACDHicbVC7TsMwFHXKq5RXgZHFpUJiCgktageGChbGguhDaqLKcZ3Wqp1EtoNURfkAFn6FhQGEWPkANv4GN+0ALUeydHTOubq+x4sYlcqyvo3cyura+kZ+s7C1vbO7V9w/aMswFpi0cMhC0fWQJIwGpKWoYqQbCYK4x0jHG19P/c4DEZKGwb2aRMTlaBhQn2KktNQvluvmRcUpXTqlu35im9X0LHEEh2OeZqJdMWtVnbJMKwNcJvaclMEczX7xyxmEOOYkUJghKXu2FSk3QUJRzEhacGJJIoTHaEh6mgaIE+km2TEpPNHKAPqh0C9QMFN/TySISznhnk5ypEZy0ZuK/3m9WPl1N6FBFCsS4NkiP2ZQhXDaDBxQQbBiE00QFlT/FeIREggr3V9Bl2AvnrxM2uembZn2bbXcuJrXkQdH4BicAhvUQAPcgCZoAQwewTN4BW/Gk/FivBsfs2jOmM8cgj8wPn8AF2KX1g==</latexit><latexit sha1_base64="e62iruTB4LZWx4qZGorKJbMxEsc=">AAACDHicbVC7TsMwFHXKq5RXgZHFpUJiCgktageGChbGguhDaqLKcZ3Wqp1EtoNURfkAFn6FhQGEWPkANv4GN+0ALUeydHTOubq+x4sYlcqyvo3cyura+kZ+s7C1vbO7V9w/aMswFpi0cMhC0fWQJIwGpKWoYqQbCYK4x0jHG19P/c4DEZKGwb2aRMTlaBhQn2KktNQvluvmRcUpXTqlu35im9X0LHEEh2OeZqJdMWtVnbJMKwNcJvaclMEczX7xyxmEOOYkUJghKXu2FSk3QUJRzEhacGJJIoTHaEh6mgaIE+km2TEpPNHKAPqh0C9QMFN/TySISznhnk5ypEZy0ZuK/3m9WPl1N6FBFCsS4NkiP2ZQhXDaDBxQQbBiE00QFlT/FeIREggr3V9Bl2AvnrxM2uembZn2bbXcuJrXkQdH4BicAhvUQAPcgCZoAQwewTN4BW/Gk/FivBsfs2jOmM8cgj8wPn8AF2KX1g==</latexit>

 Phase transition can take place after merger leading to clear 
signatures: mismatch between inspiral and postmerger.

Spectra of post-merger shows clear “quasi-universal” peaks
GW spectroscopy possible with post-merger signal
 Unless binary very close, peaks have SNR ~ 1. Multiple signals 
can be stacked and SNR will increase coherently.
Only inspiral detected in GW170817 but new limits set on:

2.01+0.04
�0.04  MTOV/M� . 2.16+0.17

�0.15

Maximum mass

Typical radii and tidal deformabilities

hadronic EOSs12.00<R1.4/km<13.45
<latexit sha1_base64="BHsx3ho9Tmftg63/+RAR8lIK5v4=">AAACDHicbVC7TsMwFHXKq5RXgJHFpSAxhaQUARJDBQtjQZRWaqLIcd3Wqu1EtoNURf0BFn6FhQEQKx/Axt/gPgYoHMnS0Tnn6vqeKGFUadf9snJz8wuLS/nlwsrq2vqGvbl1p+JUYlLHMYtlM0KKMCpIXVPNSDORBPGIkUbUvxz5jXsiFY3FrR4kJOCoK2iHYqSNFNp7XtlxXb947hdvwsxzKsPDzJcc9vlwLHpHTuU4tEuuSY0A/xJvSkpgilpof/rtGKecCI0ZUqrluYkOMiQ1xYwMC36qSIJwH3VJy1CBOFFBNr5mCPeN0oadWJonNByrPycyxJUa8MgkOdI9NeuNxP+8Vqo7p0FGRZJqIvBkUSdlUMdwVA1sU0mwZgNDEJbU/BXiHpIIa1NgwZTgzZ78l9TLzpnjXVdK1YtpG3mwA3bBAfDACaiCK1ADdYDBA3gCL+DVerSerTfrfRLNWdOZbfAL1sc32DOX1Q==</latexit><latexit sha1_base64="BHsx3ho9Tmftg63/+RAR8lIK5v4=">AAACDHicbVC7TsMwFHXKq5RXgJHFpSAxhaQUARJDBQtjQZRWaqLIcd3Wqu1EtoNURf0BFn6FhQEQKx/Axt/gPgYoHMnS0Tnn6vqeKGFUadf9snJz8wuLS/nlwsrq2vqGvbl1p+JUYlLHMYtlM0KKMCpIXVPNSDORBPGIkUbUvxz5jXsiFY3FrR4kJOCoK2iHYqSNFNp7XtlxXb947hdvwsxzKsPDzJcc9vlwLHpHTuU4tEuuSY0A/xJvSkpgilpof/rtGKecCI0ZUqrluYkOMiQ1xYwMC36qSIJwH3VJy1CBOFFBNr5mCPeN0oadWJonNByrPycyxJUa8MgkOdI9NeuNxP+8Vqo7p0FGRZJqIvBkUSdlUMdwVA1sU0mwZgNDEJbU/BXiHpIIa1NgwZTgzZ78l9TLzpnjXVdK1YtpG3mwA3bBAfDACaiCK1ADdYDBA3gCL+DVerSerTfrfRLNWdOZbfAL1sc32DOX1Q==</latexit><latexit sha1_base64="BHsx3ho9Tmftg63/+RAR8lIK5v4=">AAACDHicbVC7TsMwFHXKq5RXgJHFpSAxhaQUARJDBQtjQZRWaqLIcd3Wqu1EtoNURf0BFn6FhQEQKx/Axt/gPgYoHMnS0Tnn6vqeKGFUadf9snJz8wuLS/nlwsrq2vqGvbl1p+JUYlLHMYtlM0KKMCpIXVPNSDORBPGIkUbUvxz5jXsiFY3FrR4kJOCoK2iHYqSNFNp7XtlxXb947hdvwsxzKsPDzJcc9vlwLHpHTuU4tEuuSY0A/xJvSkpgilpof/rtGKecCI0ZUqrluYkOMiQ1xYwMC36qSIJwH3VJy1CBOFFBNr5mCPeN0oadWJonNByrPycyxJUa8MgkOdI9NeuNxP+8Vqo7p0FGRZJqIvBkUSdlUMdwVA1sU0mwZgNDEJbU/BXiHpIIa1NgwZTgzZ78l9TLzpnjXVdK1YtpG3mwA3bBAfDACaiCK1ADdYDBA3gCL+DVerSerTfrfRLNWdOZbfAL1sc32DOX1Q==</latexit><latexit sha1_base64="BHsx3ho9Tmftg63/+RAR8lIK5v4=">AAACDHicbVC7TsMwFHXKq5RXgJHFpSAxhaQUARJDBQtjQZRWaqLIcd3Wqu1EtoNURf0BFn6FhQEQKx/Axt/gPgYoHMnS0Tnn6vqeKGFUadf9snJz8wuLS/nlwsrq2vqGvbl1p+JUYlLHMYtlM0KKMCpIXVPNSDORBPGIkUbUvxz5jXsiFY3FrR4kJOCoK2iHYqSNFNp7XtlxXb947hdvwsxzKsPDzJcc9vlwLHpHTuU4tEuuSY0A/xJvSkpgilpof/rtGKecCI0ZUqrluYkOMiQ1xYwMC36qSIJwH3VJy1CBOFFBNr5mCPeN0oadWJonNByrPycyxJUa8MgkOdI9NeuNxP+8Vqo7p0FGRZJqIvBkUSdlUMdwVA1sU0mwZgNDEJbU/BXiHpIIa1NgwZTgzZ78l9TLzpnjXVdK1YtpG3mwA3bBAfDACaiCK1ADdYDBA3gCL+DVerSerTfrfRLNWdOZbfAL1sc32DOX1Q==</latexit>

⇤̃1.4 > 375
<latexit sha1_base64="e5yrw1bun2GUJlhHhtHilU2sCoQ=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJKUqgqEyogoWBoUj0ITVR5Dhua9VxIttBqqIsLPwKCwMIsfIPbPwNbpsBWo5k6eice3R9T5AwKpVtfxulpeWV1bXyemVjc2t7x9zda8s4FZi0cMxi0Q2QJIxy0lJUMdJNBEFRwEgnGF1P/M4DEZLG/F6NE+JFaMBpn2KktOSbh66iLCSZe6szIcr9zLFqObyE8Kx+7ptV27KngIvEKUgVFGj65pcbxjiNCFeYISl7jp0oL0NCUcxIXnFTSRKER2hAeppyFBHpZdMrcnislRD2Y6EfV3Cq/k5kKJJyHAV6MkJqKOe9ifif10tV/8LLKE9SRTieLeqnDKoYTiqBIRUEKzbWBGFB9V8hHiKBsNLFVXQJzvzJi6R9ajm25dzVqo2roo4yOABH4AQ4oA4a4AY0QQtg8AiewSt4M56MF+Pd+JiNlowisw/+wPj8AQMXlu0=</latexit><latexit sha1_base64="e5yrw1bun2GUJlhHhtHilU2sCoQ=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJKUqgqEyogoWBoUj0ITVR5Dhua9VxIttBqqIsLPwKCwMIsfIPbPwNbpsBWo5k6eice3R9T5AwKpVtfxulpeWV1bXyemVjc2t7x9zda8s4FZi0cMxi0Q2QJIxy0lJUMdJNBEFRwEgnGF1P/M4DEZLG/F6NE+JFaMBpn2KktOSbh66iLCSZe6szIcr9zLFqObyE8Kx+7ptV27KngIvEKUgVFGj65pcbxjiNCFeYISl7jp0oL0NCUcxIXnFTSRKER2hAeppyFBHpZdMrcnislRD2Y6EfV3Cq/k5kKJJyHAV6MkJqKOe9ifif10tV/8LLKE9SRTieLeqnDKoYTiqBIRUEKzbWBGFB9V8hHiKBsNLFVXQJzvzJi6R9ajm25dzVqo2roo4yOABH4AQ4oA4a4AY0QQtg8AiewSt4M56MF+Pd+JiNlowisw/+wPj8AQMXlu0=</latexit><latexit sha1_base64="e5yrw1bun2GUJlhHhtHilU2sCoQ=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJKUqgqEyogoWBoUj0ITVR5Dhua9VxIttBqqIsLPwKCwMIsfIPbPwNbpsBWo5k6eice3R9T5AwKpVtfxulpeWV1bXyemVjc2t7x9zda8s4FZi0cMxi0Q2QJIxy0lJUMdJNBEFRwEgnGF1P/M4DEZLG/F6NE+JFaMBpn2KktOSbh66iLCSZe6szIcr9zLFqObyE8Kx+7ptV27KngIvEKUgVFGj65pcbxjiNCFeYISl7jp0oL0NCUcxIXnFTSRKER2hAeppyFBHpZdMrcnislRD2Y6EfV3Cq/k5kKJJyHAV6MkJqKOe9ifif10tV/8LLKE9SRTieLeqnDKoYTiqBIRUEKzbWBGFB9V8hHiKBsNLFVXQJzvzJi6R9ajm25dzVqo2roo4yOABH4AQ4oA4a4AY0QQtg8AiewSt4M56MF+Pd+JiNlowisw/+wPj8AQMXlu0=</latexit><latexit sha1_base64="e5yrw1bun2GUJlhHhtHilU2sCoQ=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJKUqgqEyogoWBoUj0ITVR5Dhua9VxIttBqqIsLPwKCwMIsfIPbPwNbpsBWo5k6eice3R9T5AwKpVtfxulpeWV1bXyemVjc2t7x9zda8s4FZi0cMxi0Q2QJIxy0lJUMdJNBEFRwEgnGF1P/M4DEZLG/F6NE+JFaMBpn2KktOSbh66iLCSZe6szIcr9zLFqObyE8Kx+7ptV27KngIvEKUgVFGj65pcbxjiNCFeYISl7jp0oL0NCUcxIXnFTSRKER2hAeppyFBHpZdMrcnislRD2Y6EfV3Cq/k5kKJJyHAV6MkJqKOe9ifif10tV/8LLKE9SRTieLeqnDKoYTiqBIRUEKzbWBGFB9V8hHiKBsNLFVXQJzvzJi6R9ajm25dzVqo2roo4yOABH4AQ4oA4a4AY0QQtg8AiewSt4M56MF+Pd+JiNlowisw/+wPj8AQMXlu0=</latexit>

⇤̃1.7 . 460
<latexit sha1_base64="muFrVI5ILhSeHCcTtY6wq8RUK4M=">AAACC3icbVC7SgNBFJ2Nrxhfq5Y2Q4JgFXYlGMugjYVFBPOA7BJmZ+8mQ2YfzMwKYdnexl+xsVDE1h+w82+cJFto4oGBwzn3cOceL+FMKsv6Nkpr6xubW+Xtys7u3v6BeXjUlXEqKHRozGPR94gEziLoKKY49BMBJPQ49LzJ9czvPYCQLI7u1TQBNySjiAWMEqWloVl1FOM+ZM6tzvgkH2Z2vZljh4OUkoW4cWENzZpVt+bAq8QuSA0VaA/NL8ePaRpCpCgnUg5sK1FuRoRilENecVIJCaETMoKBphEJQbrZ/JYcn2rFx0Es9IsUnqu/ExkJpZyGnp4MiRrLZW8m/ucNUhVcuhmLklRBRBeLgpRjFeNZMdhnAqjiU00IFUz/FdMxEYQqXV9Fl2Avn7xKuud126rbd41a66qoo4xOUBWdIRs1UQvdoDbqIIoe0TN6RW/Gk/FivBsfi9GSUWSO0R8Ynz+wcpol</latexit><latexit sha1_base64="muFrVI5ILhSeHCcTtY6wq8RUK4M=">AAACC3icbVC7SgNBFJ2Nrxhfq5Y2Q4JgFXYlGMugjYVFBPOA7BJmZ+8mQ2YfzMwKYdnexl+xsVDE1h+w82+cJFto4oGBwzn3cOceL+FMKsv6Nkpr6xubW+Xtys7u3v6BeXjUlXEqKHRozGPR94gEziLoKKY49BMBJPQ49LzJ9czvPYCQLI7u1TQBNySjiAWMEqWloVl1FOM+ZM6tzvgkH2Z2vZljh4OUkoW4cWENzZpVt+bAq8QuSA0VaA/NL8ePaRpCpCgnUg5sK1FuRoRilENecVIJCaETMoKBphEJQbrZ/JYcn2rFx0Es9IsUnqu/ExkJpZyGnp4MiRrLZW8m/ucNUhVcuhmLklRBRBeLgpRjFeNZMdhnAqjiU00IFUz/FdMxEYQqXV9Fl2Avn7xKuud126rbd41a66qoo4xOUBWdIRs1UQvdoDbqIIoe0TN6RW/Gk/FivBsfi9GSUWSO0R8Ynz+wcpol</latexit><latexit sha1_base64="muFrVI5ILhSeHCcTtY6wq8RUK4M=">AAACC3icbVC7SgNBFJ2Nrxhfq5Y2Q4JgFXYlGMugjYVFBPOA7BJmZ+8mQ2YfzMwKYdnexl+xsVDE1h+w82+cJFto4oGBwzn3cOceL+FMKsv6Nkpr6xubW+Xtys7u3v6BeXjUlXEqKHRozGPR94gEziLoKKY49BMBJPQ49LzJ9czvPYCQLI7u1TQBNySjiAWMEqWloVl1FOM+ZM6tzvgkH2Z2vZljh4OUkoW4cWENzZpVt+bAq8QuSA0VaA/NL8ePaRpCpCgnUg5sK1FuRoRilENecVIJCaETMoKBphEJQbrZ/JYcn2rFx0Es9IsUnqu/ExkJpZyGnp4MiRrLZW8m/ucNUhVcuhmLklRBRBeLgpRjFeNZMdhnAqjiU00IFUz/FdMxEYQqXV9Fl2Avn7xKuud126rbd41a66qoo4xOUBWdIRs1UQvdoDbqIIoe0TN6RW/Gk/FivBsfi9GSUWSO0R8Ynz+wcpol</latexit><latexit sha1_base64="muFrVI5ILhSeHCcTtY6wq8RUK4M=">AAACC3icbVC7SgNBFJ2Nrxhfq5Y2Q4JgFXYlGMugjYVFBPOA7BJmZ+8mQ2YfzMwKYdnexl+xsVDE1h+w82+cJFto4oGBwzn3cOceL+FMKsv6Nkpr6xubW+Xtys7u3v6BeXjUlXEqKHRozGPR94gEziLoKKY49BMBJPQ49LzJ9czvPYCQLI7u1TQBNySjiAWMEqWloVl1FOM+ZM6tzvgkH2Z2vZljh4OUkoW4cWENzZpVt+bAq8QuSA0VaA/NL8ePaRpCpCgnUg5sK1FuRoRilENecVIJCaETMoKBphEJQbrZ/JYcn2rFx0Es9IsUnqu/ExkJpZyGnp4MiRrLZW8m/ucNUhVcuhmLklRBRBeLgpRjFeNZMdhnAqjiU00IFUz/FdMxEYQqXV9Fl2Avn7xKuud126rbd41a66qoo4xOUBWdIRs1UQvdoDbqIIoe0TN6RW/Gk/FivBsfi9GSUWSO0R8Ynz+wcpol</latexit>

⇤̃1.4 & 35
<latexit sha1_base64="DTGTpCPXewhasjpP5qBoObWM8O8=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExVQkUwVjBwsBQJPqQmihyHLe16jxk3yBVUWYWfoWFAYRY+QI2/ga3zQAtR7J0dM49ur7HTwRXYFnfRmlpeWV1rbxe2djc2t4xd/faKk4lZS0ai1h2faKY4BFrAQfBuolkJPQF6/ij64nfeWBS8Ti6h3HC3JAMIt7nlICWPPPQAS4Cljm3OhOQ3MvsWj3HzgB0JsT47Nwzq1bNmgIvErsgVVSg6ZlfThDTNGQRUEGU6tlWAm5GJHAqWF5xUsUSQkdkwHqaRiRkys2mp+T4WCsB7sdSvwjwVP2dyEio1Dj09WRIYKjmvYn4n9dLoX/pZjxKUmARnS3qpwJDjCe94IBLRkGMNSFUcv1XTIdEEgq6vYouwZ4/eZG0T2u2VbPv6tXGVVFHGR2gI3SCbHSBGugGNVELUfSIntErejOejBfj3fiYjZaMIrOP/sD4/AG9wZmc</latexit><latexit sha1_base64="DTGTpCPXewhasjpP5qBoObWM8O8=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExVQkUwVjBwsBQJPqQmihyHLe16jxk3yBVUWYWfoWFAYRY+QI2/ga3zQAtR7J0dM49ur7HTwRXYFnfRmlpeWV1rbxe2djc2t4xd/faKk4lZS0ai1h2faKY4BFrAQfBuolkJPQF6/ij64nfeWBS8Ti6h3HC3JAMIt7nlICWPPPQAS4Cljm3OhOQ3MvsWj3HzgB0JsT47Nwzq1bNmgIvErsgVVSg6ZlfThDTNGQRUEGU6tlWAm5GJHAqWF5xUsUSQkdkwHqaRiRkys2mp+T4WCsB7sdSvwjwVP2dyEio1Dj09WRIYKjmvYn4n9dLoX/pZjxKUmARnS3qpwJDjCe94IBLRkGMNSFUcv1XTIdEEgq6vYouwZ4/eZG0T2u2VbPv6tXGVVFHGR2gI3SCbHSBGugGNVELUfSIntErejOejBfj3fiYjZaMIrOP/sD4/AG9wZmc</latexit><latexit sha1_base64="DTGTpCPXewhasjpP5qBoObWM8O8=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExVQkUwVjBwsBQJPqQmihyHLe16jxk3yBVUWYWfoWFAYRY+QI2/ga3zQAtR7J0dM49ur7HTwRXYFnfRmlpeWV1rbxe2djc2t4xd/faKk4lZS0ai1h2faKY4BFrAQfBuolkJPQF6/ij64nfeWBS8Ti6h3HC3JAMIt7nlICWPPPQAS4Cljm3OhOQ3MvsWj3HzgB0JsT47Nwzq1bNmgIvErsgVVSg6ZlfThDTNGQRUEGU6tlWAm5GJHAqWF5xUsUSQkdkwHqaRiRkys2mp+T4WCsB7sdSvwjwVP2dyEio1Dj09WRIYKjmvYn4n9dLoX/pZjxKUmARnS3qpwJDjCe94IBLRkGMNSFUcv1XTIdEEgq6vYouwZ4/eZG0T2u2VbPv6tXGVVFHGR2gI3SCbHSBGugGNVELUfSIntErejOejBfj3fiYjZaMIrOP/sD4/AG9wZmc</latexit><latexit sha1_base64="DTGTpCPXewhasjpP5qBoObWM8O8=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExVQkUwVjBwsBQJPqQmihyHLe16jxk3yBVUWYWfoWFAYRY+QI2/ga3zQAtR7J0dM49ur7HTwRXYFnfRmlpeWV1rbxe2djc2t4xd/faKk4lZS0ai1h2faKY4BFrAQfBuolkJPQF6/ij64nfeWBS8Ti6h3HC3JAMIt7nlICWPPPQAS4Cljm3OhOQ3MvsWj3HzgB0JsT47Nwzq1bNmgIvErsgVVSg6ZlfThDTNGQRUEGU6tlWAm5GJHAqWF5xUsUSQkdkwHqaRiRkys2mp+T4WCsB7sdSvwjwVP2dyEio1Dj09WRIYKjmvYn4n9dLoX/pZjxKUmARnS3qpwJDjCe94IBLRkGMNSFUcv1XTIdEEgq6vYouwZ4/eZG0T2u2VbPv6tXGVVFHGR2gI3SCbHSBGugGNVELUfSIntErejOejBfj3fiYjZaMIrOP/sD4/AG9wZmc</latexit>


