IlwvatOII’e RTE LIS A@ é
de Paris \V_/ .. . cnes - -

Journées LISA Observatoire

MAGNETISM IN GALACTIC BINARIES

AND GRAVITATIONAL WAVES DETECTION BY LISA

Adrien Bourgoin'+?
C. Le Poncin-Lafitte!, S. Mathis?, and M.-C. Angonin!.

'SYRTE, Observatoire de Paris, PSL Research University, CNRS, Sorbonne Universités, UPMC Univ. Paris 06, Paris, France.
2Département d’ Astrophysique-AIM, CEA/IRFU/DAp, CNRS/INSU, Université Paris-Saclay, Universités de Paris, Gif-sur-Yvette, France.

December 10th, 2021



CGB ( ompact alactic ' inaries)

Physical properties

Binaries of White Dwarfs, Neutron Stars, and stellar-mass
black holes, in various combinations, and within the galaxy.

@ White Dwarfs (WD), Neutron Stars (NS),
@ Radius: Rwp ~ R@ Rns ~ 10 km
@ Mass: Mwp SMe  Mxs 2 Mo

Density: pwp ~ 1t/cm® pns ~ 10° t/cm?

@ Compacity (E = GM/c*R):
Ewp ~ 1073 Ens ~ 1071
Ilustration of a CGB system in tidal interaction. @ LISA frequency (® = 10! Hzto ® = 10~*Hz):

a~ 10* — 10 km
P~ Imin — 10h

@ Magnetic fields (< 20% WD and < 10% NS):

‘BWD ~10° — 1090‘ ‘BNS ~ 10 — 10‘50‘

@ Magnetic moments (1 < BR?):

- ; pwp ~ 100 — 10 A - m? ‘ ‘ uns ~ 1022 — 100 A - m?
Ilustration of a CGB system in magnetic interaction. J
2/16




Origin(s) of strong magnetic fields in MWD and MNS

Merging scenario: MWD formed with cataclysmic variables, and ~ Turbulent dynamo in convective zone of progenitors or
magnetars formed with WD merger. Tout et. al (2008). MWD differentially rotating degenerate stars. Duncan et. al (1992);
observed in detached system. Landstreet and Bagnulo (2020) Raynaud er. al (2020); Reboul-Salze et al. (2021)

Flux conservation: MWD from main-sequence stars progenitors FPSSil fields: Eme'rgenC}a of, large scale, strong, and stable
Ap, Bp for WDs, magnetars from O-type. Ferrario et. al (2005) dipolar fields. Braithwaite et. al, (2004); Duez & Mathis (2010)
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Physics in strong field regime

© Cosmology: How supermassive black holes form and assemble? What is the connection with galaxy formation?

© Fundamental Physics: What is nature of gravity near black holes horizon?

@ Astrophysics: How galactic binaries form and evolve? Where are they distributed in the galaxy? What are the mass
distribution and internal structure?
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GW emitted by a binary system

Keplerian orbit
Oscillation at 2n = circular orbit.
Modulation depends on (e, ¢, Q, w).
Amplitude depends on the shape (a, ¢).

n=u(2) (%)

@ D: distance to the field point, i.e. D
@ m: total mass, i.e. m = my + my,
@ 7): symmetric mass ratio, i.e. n = myny, /m

= |x|,

@ p: semi-latus rectum, i.e. p = a(l — €?). y

CGB, state of the art

@ 1PN, 2PN, and 2.5PN corrections
Lincoln and Will (1990)

@ Dynamical Tides.
Fuller et. al (2011), (2012), (2014)

@ Magnetic effects =—> Not investigated yet
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Orientation of the orbit

@ Semi-major axis: «

o Longitude of the pericenter: @ = 2 + w

Mean longitude: L = w + M

o Eccentricity vector: z = ¢ exp(iw)

Line of nodes

Node vector: ¢ = sin(%) exp(i©2)
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Orientation of magnetic moments

@ Magnetic moments: /¢ and /1o

@ Obliquities of the magnetic
moment fi1: €1, €

@ Precession angles of the magnetic
moment p;: 51, >

Line of nodes
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The magnetic dipole-dipole interaction
The rotational motion The orbital motion

de . dL ,
<Q> = vi(a,e)f(e1, &, B1, B2, @), — ) o v(a,e)f(e, e, B, B2),
dar /'y dr /[y
ds de> dss z
idem for { ==~ s © ,and ( — idem for d— S % and d—w
dar /'y dr /'y dr /'y de /o \dt [y dat /'y
with with
_ ﬂ) 1 42 1 (3o 1 42 n
Y12 (877 ( Si2 ) (1 — e2)3/? Y= <87TG mms ) \ p?
@ S;: angular momentum of the primary, @ fio: permeability of vacuum,
@ S5: angular momentum of the secondary, @ m: total mass, i.e. m = m; + mo,
@ : semi-major axis, @ n: orbital mean motion, i.e. n = /Gm/a?,
@ e: eccentricity, e p: semi-latus rectum, i.e. p = a(l — %). )
@ w: longitude of the pericenter,
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First order solutions

The rotational motion The orbital motion
@ Secular variations of 3; and 3: @ Secular variation of L, z: ,

@ Periodic oscillations of ¢, >, 31, and 3. @ Periodic oscillations of ¢, (2, L, and 0.
Amplitudes are independent of a. Amplitudes depend on 3, B35, and cogg.

Line of nodes

Line of nodes
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Effect of the magnetic dipole-dipole interaction on the orbit

@ Purely oscillating solutions: 10 a as

(W) =w+w@ | he gISA
~ 1
Q1) = Qo + () 0, 3
9/ GR
VO//::}I
vy /B2 E
v/

- Oscillating signatures 7y and Clm made of 2 sinusoids:
x O sin [(cer + wom + B1)i + ... ]
+ Oy sin [(@or + oM+ Bo)t+ ... ]+

- Amplitude of oscillations:
v
(7)172 =
wGr + oM + Bi,2

= Oscillations too small to be detected ?

Amplitude of oscillations [°]

war > B
@ Secularly changing solution: N
-~ . . 3n0 1074 3 P a 3
L(t) = Ly + Lm(t) + (no + Lgr + Lm)t — anatz B2 > e6R
0
w(t) = wy + om(t) + (cogr + Tom)t 107 . . . s o
v 0+ ) 10> 10* 10t 100 10° 10" 10* 107
= Only the secular drift can be retained. Semi-major axis [km]
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Inclination and longitude of the node
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Impact of magnetism on GW mode polarizations

91 min ah 1 day 15 day 145 day

10° v T T
&) =10"'Hz (i.e., ap = 4.3 x 10" km)
107
ey
Relative error on 2 = (h4, hy): E 104
— ]0—6 1 1 1
err(h) = |hGrm — har| 100 10! 102 10° 10* 10° 106
h
GR+M 100 3h 1 day 15 day 145daY g4y
By =102 Hz (i.e., ag = 2.0 x 10° km)
@ hgr: mode with GR effects only. 102k
T
@ hgr+m: mode with GR and magnetism for 2 WDs =
. 5 107F
with By = B, = 10° G. ©
1()7(, ( . 1 ‘7 ‘7 4 S 6
10 10 107 10° 10 10° 10
. _3 0 1day 15day  q40day¥  ayr 40Y*
= 0.01% error in 4 years for o = 107" Hz, O Tty o o =90 1y "
= 1% error in 4 years for &, = 107> Hz,
= 100% error in 145 days for &y = 107" Hz !
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Impact of magnetism on GW mode polarizations

hy = ho(1 4 cos® 1) cos(p + P + D7) + O(e),

Zeroth-order in eccentricity: .,
hx = —2hg coscsin(¢p + Ot + Pr°) + O(e),

where the main frequency and the frequency shift are given by

<I>:2n<l+ +—> <i>=—3—”aGR
4a

= Magnetism must be used for physical interpretation of the main frequency, if

L .
ge <M Lv =2v (l +4/1 —ez) COS €] COS €2,

® " n

that is to say, if

%1’ <68x107"| for®=10""Hzand B = B, = 10°G.

= Uncertainty for Verification binaries between 107° to 107 !
=—> EM+GW observations to determine magnetism at zeroth-order in eccentricity.
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Impact of magnetism on GW mode polarizations

hy = Shoe(1 + cos® 1) cos(¢/ + @t) + ...+ O(?),
—3Zhoe cos sin(¢’ + @'1) + ...+ O(e?),

First-order in eccentricity: {
X

where the frequency is given by

o =301+ 3Ler — wGR n 3Lm — oM ,
3n 3n

—> Magnetism must be used for physical interpretation of the frequency, if

o 3ly — G . .
CTI;I, < M37WM 3Ly — tom = 2V (2—&—3\/1 —62) COS €] COS €,
n

that is to say, if

(oY

5 <36x 1077 | for @' =10""Hzand By = B, = 10°G.

= Magnetism determined from GW observations alone by combining ® and &’ !
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Conclusion

@ Are verification binaries magnetic?
= Testing the dipole-dipole interaction.

o Is magnetism still degenerated with the main frequency at linear order in e?
= Harmonics at frequencies 3n and n.
Collab. with Etienne Savalle and Aurélien Hees

@ Non-adiabatic MHD interaction e.g., unipolar induction mechanism.
— Requires only one magnetic body.
— Loss of energy that can compete with 2.5PN terms.
—> Secular deformations of the orbit.
Collab. with Antoine Strugarek

@ Dynamical tides and MHD interaction
= Magneto-gravito-inertial-waves
—> Toward a coherent vision (internal structure, magnetism, and dynamics) of CGB
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