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Different states of matter

•Matter comes in 
different states

•Different physical 
systems probe 
different parts

•Neutron stars are at 
high densities 
(chemical potentials)

•Quark gluon plasma 
formed at high temperature 
/high density 

   Phase 
transition
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∼100 s (calculated starting from 24 Hz) in the detectors’
sensitive band, the inspiral signal ended at 12∶41:04.4 UTC.
In addition, a γ-ray burst was observed 1.7 s after the
coalescence time [39–45]. The combination of data from
the LIGO and Virgo detectors allowed a precise sky
position localization to an area of 28 deg2. This measure-
ment enabled an electromagnetic follow-up campaign that
identified a counterpart near the galaxy NGC 4993, con-
sistent with the localization and distance inferred from
gravitational-wave data [46–50].
From the gravitational-wave signal, the best measured

combination of the masses is the chirp mass [51]
M ¼ 1.188þ0.004

−0.002M⊙. From the union of 90% credible
intervals obtained using different waveform models (see
Sec. IV for details), the total mass of the system is between
2.73 and 3.29 M⊙. The individual masses are in the broad
range of 0.86 to 2.26 M⊙, due to correlations between their
uncertainties. This suggests a BNS as the source of the
gravitational-wave signal, as the total masses of known
BNS systems are between 2.57 and 2.88 M⊙ with compo-
nents between 1.17 and ∼1.6 M⊙ [52]. Neutron stars in
general have precisely measured masses as large as 2.01#
0.04 M⊙ [53], whereas stellar-mass black holes found in
binaries in our galaxy have masses substantially greater
than the components of GW170817 [54–56].
Gravitational-wave observations alone are able to mea-

sure the masses of the two objects and set a lower limit on
their compactness, but the results presented here do not
exclude objects more compact than neutron stars such as
quark stars, black holes, or more exotic objects [57–61].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron star–black hole system is not
ruled out, the consistency of the mass estimates with the
dynamically measured masses of known neutron stars in
binaries, and their inconsistency with the masses of known
black holes in galactic binary systems, suggests the source
was composed of two neutron stars.

II. DATA

At the time of GW170817, the Advanced LIGO detec-
tors and the Advanced Virgo detector were in observing
mode. The maximum distances at which the LIGO-
Livingston and LIGO-Hanford detectors could detect a
BNS system (SNR ¼ 8), known as the detector horizon
[32,62,63], were 218 Mpc and 107 Mpc, while for Virgo
the horizon was 58 Mpc. The GEO600 detector [64] was
also operating at the time, but its sensitivity was insufficient
to contribute to the analysis of the inspiral. The configu-
ration of the detectors at the time of GW170817 is
summarized in [29].
A time-frequency representation [65] of the data from

all three detectors around the time of the signal is shown in
Fig 1. The signal is clearly visible in the LIGO-Hanford
and LIGO-Livingston data. The signal is not visible

in the Virgo data due to the lower BNS horizon and the
direction of the source with respect to the detector’s antenna
pattern.
Figure 1 illustrates the data as they were analyzed to

determine astrophysical source properties. After data col-
lection, several independently measured terrestrial contribu-
tions to the detector noise were subtracted from the LIGO
data usingWiener filtering [66], as described in [67–70]. This
subtraction removed calibration lines and 60 Hz ac power
mains harmonics from both LIGO data streams. The sensi-
tivity of the LIGO-Hanford detector was particularly
improved by the subtraction of laser pointing noise; several
broad peaks in the 150–800 Hz region were effectively
removed, increasing the BNS horizon of that detector
by 26%.

FIG. 1. Time-frequency representations [65] of data containing
the gravitational-wave event GW170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12∶41:04
UTC. The amplitude scale in each detector is normalized to that
detector’s noise amplitude spectral density. In the LIGO data,
independently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as
described in the text. This noise mitigation is the same as that
used for the results presented in Sec. IV.
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Revealing phase transitions from 
gravitational wave signals

Signals from the inspiral

Signals from the post-merger
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How is BH-BH different from NS-NS?

Neutron stars in binary 
are tidally deformed by 

companion

Λ = 2
3 κ2 ( Rc2

MG )
5 Tidal deformability  

of an isolated  
 neutron star

EOS

Image credit: Breu, Rezzolla, Radice



GW170817: What do we know?
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low-spin case and (1.0, 0.7) in the high-spin case. Further
analysis is required to establish the uncertainties of these
tighter bounds, and a detailed studyof systematics is a subject
of ongoing work.
Preliminary comparisons with waveform models under

development [171,173–177] also suggest the post-
Newtonian model used will systematically overestimate
the value of the tidal deformabilities. Therefore, based on
our current understanding of the physics of neutron stars,
we consider the post-Newtonian results presented in this
Letter to be conservative upper limits on tidal deform-
ability. Refinements should be possible as our knowledge
and models improve.

V. IMPLICATIONS

A. Astrophysical rate

Our analyses identified GW170817 as the only BNS-
mass signal detected in O2 with a false alarm rate below
1=100 yr. Using a method derived from [27,178,179], and
assuming that the mass distribution of the components of
BNS systems is flat between 1 and 2 M⊙ and their
dimensionless spins are below 0.4, we are able to infer
the local coalescence rate density R of BNS systems.
Incorporating the upper limit of 12600 Gpc−3 yr−1 from O1
as a prior, R ¼ 1540þ3200

−1220 Gpc−3 yr−1. Our findings are

consistent with the rate inferred from observations of
galactic BNS systems [19,20,155,180].
From this inferred rate, the stochastic background of

gravitational wave s produced by unresolved BNS mergers
throughout the history of the Universe should be compa-
rable in magnitude to the stochastic background produced
by BBH mergers [181,182]. As the advanced detector
network improves in sensitivity in the coming years, the
total stochastic background from BNS and BBH mergers
should be detectable [183].

B. Remnant

Binary neutron star mergers may result in a short- or long-
lived neutron star remnant that could emit gravitational
waves following the merger [184–190]. The ringdown of
a black hole formed after the coalescence could also produce
gravitational waves, at frequencies around 6 kHz, but the
reduced interferometer response at high frequencies makes
their observation unfeasible. Consequently, searches have
been made for short (tens of ms) and intermediate duration
(≤ 500 s) gravitational-wave signals from a neutron star
remnant at frequencies up to 4 kHz [75,191,192]. For the
latter, the data examined start at the time of the coalescence
and extend to the end of the observing run on August 25,
2017. With the time scales and methods considered so far
[193], there is no evidence of a postmerger signal of

FIG. 5. Probability density for the tidal deformability parameters of the high and low mass components inferred from the detected
signals using the post-Newtonian model. Contours enclosing 90% and 50% of the probability density are overlaid (dashed lines). The
diagonal dashed line indicates the Λ1 ¼ Λ2 boundary. The Λ1 and Λ2 parameters characterize the size of the tidally induced mass
deformations of each star and are proportional tok2ðR=mÞ5. Constraints are shown for the high-spin scenario jχj ≤ 0.89 (left panel) and
for the low-spin jχj ≤ 0.05 (right panel). As a comparison, we plot predictions for tidal deformability given by a set of representative
equations of state [156–160] (shaded filled regions), with labels following [161], all of which support stars of 2.01M⊙. Under the
assumption that both components are neutron stars, we apply the function ΛðmÞ prescribed by that equation of state to the 90% most
probable region of the component mass posterior distributions shown in Fig. 4. EOS that produce less compact stars, such as MS1 and
MS1b, predict Λ values outside our 90% contour.
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⇤̃1.4 < 800

From M and q, we obtain a measure of the component
masses m1 ∈ ð1.36; 2.26ÞM⊙ and m2 ∈ ð0.86; 1.36ÞM⊙,
shown in Fig. 4. As discussed in Sec. I, these values are
within the range of known neutron-star masses and below
those of known black holes. In combination with electro-
magnetic observations, we regard this as evidence of the
BNS nature of GW170817.
The fastest-spinning known neutron star has a dimension-

less spin≲0.4 [153], and the possible BNS J1807-2500B has
spin≲0.2 [154], after allowing for a broad range of equations
of state. However, among BNS that will merge within a
Hubble time, PSR J0737-3039A [155] has the most extreme
spin, less than ∼0.04 after spin-down is extrapolated to
merger. If we restrict the spin magnitude in our analysis to
jχj ≤ 0.05, consistent with the observed population, we
recover the mass ratio q ∈ ð0.7; 1.0Þ and component masses
m1 ∈ ð1.36;1.60ÞM⊙ andm2 ∈ ð1.17; 1.36ÞM⊙ (see Fig. 4).
We also recover χeff ∈ ð−0.01; 0.02Þ, where the upper limit
is consistent with the low-spin prior.
Our first analysis allows the tidal deformabilities of the

high-mass and low-mass component, Λ1 and Λ2, to vary
independently. Figure 5 shows the resulting 90% and
50% contours on the posterior distribution with the
post-Newtonian waveform model for the high-spin and

low-spin priors. As a comparison, we show predictions
coming from a set of candidate equations of state for
neutron-star matter [156–160], generated using fits from
[161]. All EOS support masses of 2.01 # 0.04M⊙.
Assuming that both components are neutron stars described
by the same equation of state, a single function ΛðmÞ is
computed from the static l ¼ 2 perturbation of a Tolman-
Oppenheimer-Volkoff solution [103]. The shaded regions in
Fig. 5 represent the values of the tidal deformabilitiesΛ1 and
Λ2 generated using an equation of state from the 90% most
probable fraction of the values ofm1 andm2, consistent with
the posterior shown in Fig. 4. We find that our constraints on
Λ1 and Λ2 disfavor equations of state that predict less
compact stars, since the mass range we recover generates
Λ values outside the 90% probability region. This is con-
sistent with radius constraints from x-ray observations of
neutron stars [162–166]. Analysis methods, in development,
that a priori assume the same EOS governs both stars should
improve our constraints [167].
To leading order in Λ1 and Λ2, the gravitational-wave

phase is determined by the parameter

~Λ ¼ 16

13

ðm1 þ 12m2Þm4
1Λ1 þ ðm2 þ 12m1Þm4

2Λ2

ðm1 þm2Þ5
ð1Þ

[101,117]. Assuming a uniform prior on ~Λ, we place a 90%
upper limit of ~Λ ≤ 800 in the low-spin case and ~Λ ≤ 700 in
the high-spin case. We can also constrain the functionΛðmÞ
more directly by expanding ΛðmÞ linearly about m ¼
1.4M⊙ (as in [112,115]), which gives Λð1.4M⊙Þ ≤ 1400
for the high-spin prior and Λð1.4M⊙Þ ≤ 800 for the low-
spin prior. A 95% upper bound inferred with the low-spin
prior, Λð1.4M⊙Þ ≤ 970, begins to compete with the 95%
upper bound of 1000 derived from x-ray observations
in [168].
Since the energy emitted in gravitational waves depends

critically on the EOS of neutron-star matter, with a wide
range consistent with constraints above, we are only able to
place a lower bound on the energy emitted before the onset
of strong tidal effects at fGW∼600Hz asErad > 0.025M⊙c2.
This is consistent with Erad obtained from numerical
simulations and fits for BNS systems consistent with
GW170817 [114,169–171].
We estimate systematic errors from waveform modeling

by comparing the post-Newtonian results with parameters
recovered using an effective-one-body model [124] aug-
mented with tidal effects extracted from numerical relativity
with hydrodynamics [172]. This does not change the
90% credible intervals for component masses and effective
spin under low-spin priors, but in the case of high-spin priors,
we obtain the more restrictive m1 ∈ ð1.36; 1.93ÞM⊙, m2 ∈
ð0.99; 1.36ÞM⊙, and χeff ∈ ð0.0; 0.09Þ. Recovered tidal
deformabilities indicate shifts in the posterior distributions
towards smaller values, with upper bounds for ~Λ and
Λð1.4M⊙Þ reduced by a factor of roughly (0.8, 0.8) in the

FIG. 4. Two-dimensional posterior distribution for the compo-
nent massesm1 andm2 in the rest frame of the source for the low-
spin scenario (jχj < 0.05, blue) and the high-spin scenario
(jχj < 0.89, red). The colored contours enclose 90% of the
probability from the joint posterior probability density function
for m1 and m2. The shape of the two dimensional posterior is
determined by a line of constant M and its width is determined
by the uncertainty inM. The widths of the marginal distributions
(shown on axes, dashed lines enclose 90% probability away from
equal mass of 1.36M⊙) is strongly affected by the choice of spin
priors. The result using the low-spin prior (blue) is consistent with
the masses of all known binary neutron star systems.
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How does matter behave at extreme 
densities?

See also De+ (2018), LIGO/VIRGO (2018+)  
and many more

•Understanding the 
behaviour of matter  
under extreme 
conditions is very 
difficult

•GW170817 has 
already helped 
constraining matter at 
T=0 MeV 
See Rezzolla’s talk on Monday

Based on ERM+ 2018



How can we model a phase transition  
in the inspiral?

crust

outer core

core

outer core

106 EOSs with a total of ~109 TOV-models

•Parameterise EOS 
from nuclear 
saturation to 
pQCD limit.

•Randomly include 
strong first order 
phase transition



Mass-radius relations

•Presence of a phase transition 
leads to second stable branch 
and “twin-star” models.
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FIG. 2. The left graph is a typical mass-radius relation with the

unstable star part of the sequence indicated by the dashed red line.

The right graphic depicts the relation between central pressure of

a star and its mass. The same parameters where used (ptrans =

40MeV/fm3
and �✏ = 368MeV/fm3

).

III. RESULTS

A. Area Containing Twin Star Solutions
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FIG. 3. The parameter area containing twin star solutions is de-

picted. The points denote all calculated combinations of the pa-

rameters ptrans and�✏ that lead to a third family. Their coloration

indicates the categories to be examined later. The red line stands

for the Seidov-limit.

Only a few combinations of transitional pressure ptrans
and discontinuity in energy density �✏ lead to third fam-
ily solutions. In figure 3 the combinations of ptrans and
�✏ containing twin star solutions are shown. The red
straight line is the Seidov-limit (2). The plus signs are
mass-radius relations generated by distinct ptrans and �✏
that contain an additional stable branch. We see that
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FIG. 4. In these diagrams multiple mass-radius relations with a

constant ptrans (left) and a constant �✏ (right) are depicted, by

varying the other parameter. A change of �✏ results in a di↵erent

position of the second maximum while the shape of the second

branch remains nearly una↵ected. The contrary is true for the a

change in ptrans. The location of the second maximum remains

nearly identical for di↵erent transition pressures while the shape of

the second branch becomes much steeper for lower ptrans.

most third family solutions are above the Seidov-limit.
I.e. most mass-radius relations with twin stars do not
contain hybrid stars in their first branch. Alford et. al.
[26] find a very similar area for c2s = 1. With c2s = 1

3 a
much smaller parameter space would generate third fam-
ily solutions.

B. Classification by Mass

The e↵ects of varying ptrans and�✏ on the mass-radius
relation are seen in figure 4. The shape of the second
branch appears to be nearly una↵ected by changes in �✏,
see the left-hand side of figure 4. The variation of ptrans
results in di↵erent slopes in the second branch with low
values resulting in steeper curves. However, the position
of the second maximum remains nearly constant for vary-
ing ptrans. We conclude that �✏ sets the maximum mass
of the second branch, while ptrans controls the slope of
the mass radius relation of the second branch.
Another important observation is that the value of �✏

has virtually no influence on the mass at the first maxi-
mum. This is due to the first branch becoming unstable
at about the transitional pressure meaning that only the
second branch is e↵ected by �✏. Even though there are
hybrid stars to be found in the first branch if the combi-
nations of �✏ and ptrans are below the Seidov-limit these
stars have a negligible e↵ect on the value of the first max-
imum [44].
Using this feature it is possible to assign a specific mass
at the first maximum to a distinct ptrans. Likewise a
relation between �✏ and the second maximum can be
observed even though it is not as visible. With these
relations it becomes possible to define four distinct cate-
gories in which the twin star solutions can be organized.
Examples of these categories are shown in figure 5 and
defined as follows:

Christian+ (2018)
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Constraining tidal deformabilities

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

⇤̃1.7 . 460
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• Almost no constraint on lower limit: ⇤̃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>

GW detection 
with           
would rule out 
twin stars!

⇤̃1.7 ⇠ 700
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Revealing phase transitions from 
gravitational wave signals

Signals from the inspiral

Signals from the post-merger
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What mergers can tell usPT’s in Dense and Hot Matter Veronica Dexheimer
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Figure 1: (Color online) QCD phase diagram for isospin-symmetric matter (with zero net strangeness) and
neutron-star matter (charge neutral and in chemical equilibrium) calculated using the CMF model.

is the same in both phases. Here, two examples are shown concerning the deconfinement phase
transition to quark matter:

• with fixed baryon number and charge fraction Yc = 0.5, Yc = 0.3 (with zero net strangeness)

• with fixed baryon number and zero charge (in chemical equilibrium)

The first case in which baryon number and fixed (but not zero) charge fraction are conserved
is going to be referred to as HI, as this kind of matter is created in heavy-ion collisions. Charge
fraction is defined as the total baryonic charge over total baryon number

Yq =
Q
B
=

Âi Qeini

Âi QBini
, (3)

where Qei is the electric charge, QBi is the baryon number, and ni the number density of each baryon
or quark. Note that ÂQBini is not the same as the baryon number density nB, as the latter comes
from the derivative of the pressure with respect to the baryon chemical potential and, therefore,
also contains a contribution from the potential U for F (when quarks are present).

Although the charge fraction in Au-Au or Pb-Pb collisions is ⇠ 0.4, for very energetic colli-
sions this does not matter, as matter created behind the collision in the fireball has no net baryon
number density. For lower energy collisions, on the other hand, baryonic matter experiences "stop-
ping" and the charge fraction involved is important. In this work, two charge fractions are studied
and compared, Yc = 0.5 and Yc = 0.3.

2

•Cold neutron stars  
can only probe a 
tiny fraction of the 
phase diagram

•Neutron star 
mergers reach 
temperatures up to  
100 MeV and 
probe regions not 
reached by any 
experiment!



Chiral Mean Field Model
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Quark phase transition in mergers



Quark phase transition in mergers
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•Small fraction of quarks is 
present in hot regions at all 
times (cross-over transition)

•Hot quark core is formed as 
soon as the phase transition  
sets in  

•Quark phase is unstable and 
triggers early collapse



Can quarks be seen in gravitational waves?

Continued presence of small quark fraction leads to 
a de-phasing of the waveform in the post merger
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•No quarks are present in the inspiral phase !



Mergers in the phase diagram
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Can quarks be seen in gravitational waves?

•Small amounts of quarks in the 
merger already cause a de-phasing 
of the waveform
•If the quark phase collapses to a 
black hole the ringdown is modified

•A quark phase transition in the 
inspiral is hard to spot. If quarks are 
already present in the stars, they will 
most likely have small 
•Large neutron stars at high masses 
can rule out such twin solutions!

Λ


