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Binary neutron star merger observation
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Binary neutron star observation

Normalized amplitude GW170817
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Semi-classical understanding of GW170817

/ emission
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Tremendous impact across
various sub-fields in physics

Total Normalized ~ 2300+ citations since Oct. 2017

Source: ADS
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Tremendous impact across
various sub-fields in physics

Astrophysics : Site of r-process nucleosynthesis, progenitor of short

gamma-ray bursts, rate of binnary neutron star mergers (1710.05463, 1710.05834,
1710.05832, and many others)

+12 .0 1

. . |
Cosmology. Determination of the Hubble constant ~ 70.0; 5 5° kms'  Mpc
(1710.05835, 1908.06060, 1710.05832 , and many others))

Nuclear Physics: Constraints on neutron star eqn. of state, tidal

deformability parameters  (1710.05835, 1908.06060, 1710.05832, 1805.11581,1807.06437, 1902.05078,
1904.04233, 1902.04557, 1805.11963, 1802.04813 and many others )
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Constraints on various modified

gravity scenarios

Constraints on various dark energy models (Ezquiagaand Zumalacarregui 1710.05901, Baker etal .
1710.06394, Sakstein and Jain 1710.05893, Cremenelli and Vernizzi 1710.05877)

Ezquiagaand Zumalacarregui 1710.05901

Cg=2¢C cgEcC
( General Relativity guartic/quintic Galileons [13, 14] )

< guintessence/k-essence [46] Fab Four [15]

[}
2 Brans-Dicke/ f (R) [47, 48] de Sitter Horndeski [49]
E Kinetic Gravity Braiding [50] Gui ' H! ' [51], f (! )&auss-Bonnet [52]

e 1\
T Derivative Conformal (19) [17] quartic/quintic GLPV [18]
g Disformal Tuning (21) quadratic DHOST [20] with A, £0

>
3 guadratic DHOST with A; =0 cubic DHOST [23]

Viable after GW170817

Non-viable after GW170817

Constraints on violation of weak equivalence principle (Boran etal. 1710.06168)

Falsifies dark matter emulators

Tests of general relativity

(Boran etal . 1710.06168)

(LIGO-Virgo 1811.00364)

Constraints on f (R) gravity (Sagunski etal. 1709.06634)

and many others

Ranjan Laha



New particle physics searches in
binary neutron star Iinspirals
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Effect on tidal deformability
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Tidal deformability

Due to the external gravitational field, the neutron stars induce a guadrupole
moment --- depends on the internal structure

One can define a dimensionless tidal deformability parameter , | i, for each
neutron star

|, depends on the mass, radius, and tidal parameters of the neutron star ---
dependence on the neutron star equation of state

Gravitational wave phase evolution depends on A; and the masses of the neutron
stars

— -8.1
1 (1.4M, ) ! 80C forlow spin prior

Reddy talk & Rezzola etal 2013

Flanagan and Hinderer 0709.1915, Hinderer 0711.2420, Postnikov
etal. 1004.2420
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Effects of dark matter on tidal
deformabllity parameters

Addition of dark matter changes the equation of state , and thus affects tidal
deformability parameter

[Tl = Mass of the dark matter particle (boson/ fermion), !
Ison, Reddy,
1600y = ?eorsn‘:ir(‘m gfdsgﬂoﬁe 4 M1 = Mass of the mediator gauge boson, |
1400 1803.03266 U' = Coupling strength of the gauge boson to the dark charge
1200 % =1 0.5 0.1
_ 1000 Repulsive self-interactions between the dark
500 matter particles --- it forms a stable
hydrostatic configuration inside the neutron
600 LIGO GW170817
upper limit star
400
200 Values of A for the neutron star + dark matter
107 Mo system depend on the underlying neutron star
X -
Total mass of dark matter particles equatlon of state
inside neutron star
In general, accretion of dark matter due to dark matter Pnucleus interactions can

accumulate is S10°1° M,

Various mechanisms have been suggested in the literature so that  neutron stars can

have such large amounts of dark matter (M, ! 10° M o inside them  (Nelson, Reddy, and Zhou
1803.03266, Rezai 1807.01781, Leungetal. 1111.1787 Zha etal . 1908.05150, Leung etal . 1908.05102, Ellis etal. 1804.01418,
Fabbrichesi and Urbano 1902.07914, Kopp, Laha, Opferkuch , and Shepherd 1807.02527)



Constraints on particle physics parameters
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Novel constraints on particle physics scenarios
accumulate inside neutron stars

More detailed studies required regarding various scenarios with

accumulation inside neutron stars

g,/m, (MeV-1)

10!

10°

107!

Fermions, M, =10"* M,

_favoured

regions”
(Kaplinghat etal .
1508.0333)

Nelson, Reddy,
and Zhou
1803.03266

102
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Similar study also conducted in Ellis etal. 1804.01418, Quddus etal . 1902.00929
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Effect due to exotic light particles
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A new Yukawa force (attractive/ repulsive)
|V‘ — I !QlQZ e" M med !
|

/ .
& = coupling of the new

. force
Emission of the

new force carrier
Croon etal ., Astrophys.J. 858 (2018) no.1, L2

New Yukawa force
Mred ! (1+ Mpmeq! )

< >
— <G
Gn M1M2 gravitational
| 2 attraction

/GW emission

Ql,g = dark charge in neutron star //

[1Imeg = Mass of the mediator of
the new Yukawa force

dEtot _ dEGW n dEdipole

dt dt dt Kopp, Laha, Opferkuch , and
Shepherd 1807.02527
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Effect due to axions/ axion-like particles
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Compact objects as sources of axions

Hook and Huang 1708.08464

: ul - ul Huang etal . 1807.02133
Axions couple to gluons a G ' G '

Due to the finite density effects , the neutron star can act as a source of axions

The axions can mediate a long range Yukawa-like force between the two neutron
stars. Additional energy loss vioa$the radiation of the scalar
+,- "

# ##t * ) | ( ' #

I #l T T T T r r T v ¥ ' ' ' r r I #l
$ Huang etal . 1807.02133
2 There has also been
78178 9:4;<653 . .
gl | 4e research into ideas of
# 178 9:4.<653 light particle coupling to
2 neutrons --- these will
2 result in a time-dependent
=1 #% ! #% .
3 chirp mass
(Choi and Jung 1810.01421)
123456 S
L e > 1! #$
, , , , , , , , , , , o us ,
e I #$ I #% | #& I #l I #" I'$ I %

+,- " "l !#/ $ Ranjan Laha



Effect due to dark matter/ dark sector
particles coupled to light particles
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A quick understanding into impact of
new physics

Assuming a threshold of 10 Hz (and no presence of new forces), the binary system
enters the LIGO band ata separation of ~ 700 km

Neutron star radius = 10 km, new Yukawa force must have a range

m.1 1 O(@20" 750)km,ie, Mmeg ! O(B" 10 ¥ # 10 )ev

med

Effect of long range forces in the dark sector

First pointed out in a paper by Croon, Nelson, Sun, Walker and  Xianyu arxiv: 1711.02096

If dark matter accumulated inside neutron stars interact via a long range force ,
then the signature of inspiral/ merger will change due to the extra force and due to
the possibility that these particles can be radiated out

The force can be attractive/ repulsive, and there can be various constraints

Many works in this direction: (1) Kopp, Laha, Opferkuch , and Shepherd 1807.02527,
(2) Alexander etal. 1808.05286, (3) Fabbrichesi and Urbano 1902.07914
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A new Yukawa force (attractive/ repulsive)
|V‘ — I !QlQZ e" M med !
|

/ .
& = coupling of the new

. force
Emission of the

new force carrier
Croon etal ., Astrophys.J. 858 (2018) no.1, L2

New Yukawa force
Mred ! (1+ Mpmeq! )

< >
— <G
Gn M1M2 gravitational
| 2 attraction

/GW emission

Ql,g = dark charge in neutron star //

[1Imeg = Mass of the mediator of
the new Yukawa force

dEtot _ dEGW n dEdipole

dt dt dt Kopp, Laha, Opferkuch , and
Shepherd 1807.02527
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Effect of attractive dark force on
GW frequency Vv/s time observation

Attractive dark force only

0.00204 m' 1 =100km || ASsuming no dipole radiation due
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o N A ratio
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—~ \
= \
) \ _
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Effect of repulsive dark force on
GW frequency Vv/s time observation

Repulsive dark force only
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Assuming no dipole radiation due
to equal dark charge bto Pmass
ratio

Repulsive force slows down the
merger

For the same coupling, a longer
range force will decelerate the
merger faster

Gravitational wave amplitude is
Increased:

Kopp, Laha, Opferkuch , and
Shepherd 1807.02527



Effect of dipole radiation on
GW frequency v/s time observation

Dipole radiation only
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1200

Assuming that one neutron star
has a negligible dark charge

Additional energy loss speeds
up the merger

For the same coupling, a longer
range force will accelerate the

1250 merger faster

Sensitivity to  m,.4can be
different for the two cases:

dipole radiation and extra Yukawa
force

Kopp, Laha, Opferkuch , and
Shepherd 1807.02527



Repulsive dark force

New repulswe Yukawa force
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New attractive Yu kawa force

Attractive dark force
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Constraints with current and near future

HE B B B §F BB O @B Nm

! !
. detectors .
| ml‘ZZM! _______ | | | my =5 M,
___________________ S mz = 1.4 M,
___________________________________________ Do =150 Mpc
| :
' 7 activation of E‘E/ation of
: dipole radiation : dipole radiation
: at some point : at some point
: before figoo i before fsco
Lo Alexander etal. 1808.05286 P
: 2
R 91 . 92 Upper limit on * due to dipole radiation using
” . .
' mq Mo current and near future detectors

Power radiated due to dark dipole radiation ! !
Dark charge Bto Pmass ratio

Region below the diagonal dashed line in both the plots: dipole
radiation is a small correction to the General Relativity contribution

Contribution of extra force  is present only for the neutron star D
" neutron star binary
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Constraints with current and near future
_detectors

6"7 6" 8

................................ T (0%
' mpmy

Physical region

6:6. - VYuk (I’) = Hllrlllze! (1
67
M =2M, | = Jow
Mo =1.4M, | azra Y
Alexander etal . 1808.05286 D, =100Mpc L22%"° r=41/my,
B

=%
Upper limiton ! due to extraforce using current and near future detectors

For certain mass of the dark matter candidate and coupling constants, it has been
claimed that this measurement can probe the amount of dark matter accumulated via

accretion
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Constraints on muonswith long-range forces

Wavelength ! [km]

10%° 108 10° 10* 107
10! 16 ] ] ] ] 1
o NSDNS
@) 18 R, merger .
= 10 / Yukawa force
Q — [ A i
o J0737D3039 N Ay
O PSRDPSR SO A
I NSDNS merger S e Sy
S’ ' 20 dipole radiation /7//\\\—’»;/
I 10 h pessimistic i -fraction """~ /\ ,/ -
Q) Toptimistic i -fraction — T=7 A\ ./
\ T,
\\’/
10 22 Dror , Laha, and Opferkuch (i prep.) Pf@llmlnary
I I I I I
10' 21 10' 19 10' 17 10' 15 1d 13 1d 11

Neutron stars have a lot of
etal. 1908.09732, Pearson etal. 1903.04981)

Vector boson massmy [eV]

muonsinside them (Bell etal . 1904.09803, Garani and Heeck 1906.101445, Poddar

Muon mass fraction can be as large as 4% --- dependence on eqn. of state

Strongest constraint

on exotic long-range forces due to

muons
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Conclusions

¥ Discovery of gravitational waves from neutron star
mergers has opened up a new way to probe the Universe

¥ These observations can probe astrophysics , cosmology,
and nuclear physics

¥ These observations can probe various modified gravity
scenarios

¥ This technique will probe new particle physics/ dark
matter scenarios

Questions and comments:
ranjan.laha@cern.ch
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