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A LITTLE HISTORY

% AD 1998: the seminal paper Andersson and Kokkotas heralds the
advent of GW astereoseismology, declaring that “The day of the first
undeniable detection of gravitational waves should not be far away”

Mon. Not. R. Astron. Soc. 299, 1059—1068 (1998)

Towards gravitational wave asteroseismology
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+ AD 2004: OB, Ferrari & Gualtieri argue that GW astereoseismology is

promising to the extent to which neutron stars are described within a
realistic model
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CONTINUOUS GW FROM NEUTRON STARS

ALBERT EINSTEIN'INSTI

Max Planck Institute for Gravitational Physics and
Leibniz Universitit Hannover
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- NEW INDEPENDENT RESEARCH GROUP

Searching for continuous gravitational waves

Research News

Recent|News Permanent Max Planck Independent Research Group established at AEI
Hannover
AEI Hannover April 10, 2018
A per Max Planck I Research Group under the
AEI Potsdam leadership of Dr. M. Alessandra Papa has been established at the Max
Planck Insti for Gravitati ysics (Albert Einstein Institute; AEI)
Videos) Pieraaend in Hannover. The primary goal of the research group “Searching for
f— continuous gravitational waves” is to make the first direct detection of

gravitational waves from rapidly rotating neutron stars. It is the largest
group worldwide dedicated to this topic and conducts the most sensitive

Einstein Online searches for this kind of gravitational wave with the globally distributed
ing project Einstein@Home. In addition to its per
) . funding, the group will receive additional funds from the Max Planck
Science for the public Society for the first five years.
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NEUTRON STARS OSCILLATION MODES

* Neutron stars have a rich spectrum of oscillation modes, whose
frequencies reflect different features of the star structure and dynamics

» f-mode: the most effective mechanism of GW emission. Depends
on the average density

» p-modes: acoustic modes, driven by pressure

» g-modes: driven by thermal or composition gradients. The main
restoring force is buoyancy

> w-modes: pure space-time modes

» r-modes: inertial mode of rotating stars, restored by the Coriolis
force. Driven unstable by GW emission (CFS instability)!

* The onset of the CFS instability depends on a variety of properties of
neutron star matter, ranging from the shear and bulk viscosity to the
superfluid and superconducting gap. The development of a theoretical
framework providing a realistic and consistent description of these is
needed



PREAMBLE: COLLISION ENERGY IN DEGENERATE MATTER

* In degenerate matter, the center-of-mass energy of nucleon-nucleon
collisions, Ecm, is simply related to the particle density, n
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* Potential models used to predict the properties of dense nuclear mater
must be capable to describe nucleon-nucleon collisions at high energies



POTENTIALS FROM CHIRAL EFFECTIVE FIELD THEORY

% Chiral Effective Field Theory (xEFT) provides a powerful
framework—based on the symmetries of the fundamental theory of

strong interactions—to derive two- and many-nucleon potentials in a
fully consistent fashion

Being based on a low-momentum expansion, however, xEFT is
inherently limited, when it comes to describing nuclear interactions in
high-density nuclear matter

60

g
3

Phase Shift [deg]

" LO
L NLO
- NLO

200
150

100 *\

| |
50 100 150 200
Lab. Energy [MeV]

250 0

I I I
50 100 150 200

Lab. Energy [MeV]

2.

0

| |
50 100 150 200
Lab. Energy [MeV]

2!

0

Phase shifts obtained from the local potential of A. Gezerlis et al, PRC 90

054323 (2014). Recall: E1ap =250 MeV corresponds to n &~ 1.1no in

neutron matter



PHENOMENOLOGICAL POTENTIALS

* Purely phenomenological potentials, such as those developed at ANL,
reproduce the nucleon-nucleon scattering phase shift up to the highest
available energies
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* Phase shifts obtained from the
full AV18 (full line) and the
truncated AV6p model (dashes).
Data from gwdac.phys.gwu.edu.
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* Phenomenological Hamiltonians also include three-nucleon potentials,
such as the UIX model, designed to explain the properties of the
three-nucleon system and the saturation density of isospin-symmetric
nuclear matter



VALIDATION OF THE PHENOMENOLOGICAL APPROACH

% The validity of the phenomenological approach in the high energy
regime relevant to dense matter has been extensively tested, exploiting
the availability of independent data
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* Monte Carlo calculations carried out using the phenomenological
AV18+UIX Hamiltonian provide an excellent description of the data for
proton momenta up to ~ 700 MeV. No adjustable parameters involved!



PERTURBATION THEORY WITH STRONGLY REPULSIVE FORCES

% A prominent feature of the nucleon-nucleon potential is the presence of
a strong repulsive core
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* Perturbative calculations of nuclear matter properties can only be
performed using effective interactions, obtained from renormalisation of
the bare potential



RENORMALISATION OF THE NUCLEON-NUCLEON POTENTIAL

% In the early days of nuclear matter theory, renormalisation was based on
the replacement of the bare interaction, v. with the G-matrix describing
nucleon-nucleon scattering in the nuclear medium

* The G-matrix approach has been extensively employed in conjunction
with phenomenological potentials

* More recently, soft of the nucleon-nucleon interactions have been
obtained from renormalisation group evolution of potentials derived
within xYEFT



SCREENING OF THE REPULSIVE CORE

* Renormalisation group evolution essentially amounts to screening the
repulsive core of the potential through the action of a cutoff, A, in
momentum space

% Screening can also be implemented in coordinate space, through a
transformation of the basis of eigenstates of the non interacting system
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* The role of the momentum cutoff A is played by the correlation range, d,
such that f;;(r > d) = 1, which depends on density
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THE CBF EFFECTIVE INTERACTION

* The Correlated Basis Function (CBF) formalism is based on the
transformation from Fermi gas (FG) states to correlated states

[nrc) — n) = Flnra)

* The definition of the CBF effective interaction follows from the
requirement (note: H include both the two- and three-nucleon
potentials)

() = O110) = 2EE 4 (0pa Vo)

52m

implying
Heg = Ho + Ver = FTHF

+ For any given density, the operator F' is determined in such a way as to
reproduce the value of (H) obtained from accurate many-body
calculations (Quantum Monte Carlo, or Variational FHNC/SOC))



v(r) [MeV]

* CBF effective interaction in the T' = 1 channel at nuclear matter

equilibrium density, obtained from the Argonne v + UIX nuclear
Hamiltonian

1000 SRS : PP 1000
o v§ly pa (1)
800 - \ v8=0r=1 800
\ ob5 () ——
600 \ 15 600
\ ]
400 + \ 4 & 400
\ =
200 \ 1% 200
\
0r ‘ 0
-200 : : : : -200
0 0.5 1 1.5 2 2.5
[fm™]
80 i ‘ —
Cc €
— ) r
60 N ]u —(r)
AN RS ) =

v(r) [MeV]

40 I I




E/A [MeV]

* Density dependence of the ground state energy per nucleon of
unpolarized pure neutron matter (PNM) and isopspin-symmetric
nuclear matter (SNM) obtained from the Argonne v + UIX nuclear
Hamiltonian
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* Note that the vs + UIX Hamiltonian, while yielding saturation at
p =~ po = 0.16 fm~?, underestimates the equilibrium energy of SNM by
~ 5 MeV, corresponding to a ~ 15% underestimate of the interaction
energy



* Energy of unpolarized nuclear matter as a function of baryon density
and proton fraction 0 < x,, < 0.5. The generalization to spin-polarized

matter is straightforward.
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SINGLE-NUCLEON SPECTRUM

* Momentum dependence of proton and neutron spectra at nuclear
matter equilibrium density and different proton fraction
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EFFECTIVE MASS (HARTEE-FOCK)

* Density dependence of m*(kr)/m
1.0
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DENSITY DEPENDENCE OF Ay IN PURE NEUTRON MATTER

* Gap function obtained using the bare vg potential (dashed line)
with kinetic energy spectrum (dashed line) and the CBF effective
interaction with Hartee-Fock spectrum (solid line)
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IN-MEDIUM CROSS SECTION

* Neutron-Neutron Channel

W(p,p') = 27 [Vesr(p — P') [ p(p')

do m*?
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SHEAR VISCOSITY OF PNM

* Density dependence of nT% of PNM
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* Medium modifications of the scattering cross section increase
nT? by afactor~3—-7Qp/py~1—2



FREQUENCIES OF QUASI NORMAL MODES OF PNS

G. Camelio, A, Lovato, L. Gualtieri, OB, J. Pons, and V. Ferrari
PRD 96, 043015 (2017)
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SUMMARY & OUTLOOK

The detection of continuous gravitational waves will provide an
unprecedented opportunity and a challenge for the understanding of
the properties of neutron stars

Nuclear Hamiltonians suitable for the description of dense matter can
be obtained from phenomenology, exploiting the availability of a wealth
of experimental information on short-range nuclear dynamics

The formalism based on Correlated Basis Function provides a
framework to obtain effective interactions—as well as the associated
effective operators—allowing the calculation of nuclear matter
properties in low-order perturbation theory

The existing results suggest that a fully consistent treatment of processes
such as the onset of the CFS instability will be feasible in the not too far
future
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DENSITY DEPENDENCE OF THE EFFECTIVE INTERACTION

% 1Sy channel
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PRESSURE OF SNM AND SYMMETRY ENERGY
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EXTENSION TO T > 0

* Assuminhg that thermal effect do not significantly affect the dynamics
of strong interactions, the effective interaciotns can be used to obtain the
properties of nuclear matter at 7" > 0

* Replace O(kr — k) — {1+ exple(k) — u]/T}*
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THERMAL CONDUCTIVITY OF PNM

* Results from PRC 81, 024305 (2009). Three-nucleon interactions
not taken into account.
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% The transport coefficients computed using the CBF effective
interaction is remarkably close to the result obtained within the
G-matrix approach using the same bare NN potential.



NEUTRINO MEAN FREE PATH IN COLD NEUTRON MATTER

* The mean free path of non degenerate neutrinos at zero
temperature is obtained from
1_Gh, [ &

N 4" @np
where § and S are the density (Fermi) and spin (Gamow Teller)
response, respectively [A. Lovato et al, NPA 89, 025804 (2013);
PRC 89, 025804 (2013)]
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NEUTRINO LUNINOSITY OF PROTO NEUTRON STARS (PNS)
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