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Abstract: Compact white dwarf (WD) binaries are important sources for space-based gravitationa-wave (GW) observatories, and an increasing
number of them are being identified by surveys like ELM and ZTF. We study the effects of nonlinear dynamical tides in such binaries. We focus on
the global three-mode parametric instability and show that it has a much lower threshold energy than the local wave-breaking condition studied
previously. By integrating networks of coupled modes, we calculate the tidal dissipation rate as a function of orbital period. We construct
phenomenological models that match these numerical results and use them to evaluate the spin and luminosity evolution of a WD binary. While in
linear theory the WD's spin frequency can lock to the orbital frequency, we find that such alock cannot be maintained when nonlinear effects are
taken into account. Instead, as the orbit decays, the spin and orbit go in and out of synchronization.& nbsp; Each time they go out of synchronization,
thereisabrief but significant dip in thetidal heating rate. While most WDs in compact binaries should have luminosities that are similar to previous
traveling-wave estimates, a few percent should be about ten times dimmer because they reside in heating rate dips. This offers a potential
explanation for the low luminosity of the CO WD in JO651. Lastly, we consider the impact of tides on the GW signal and show that LISA and
TianGO can constrain the WD's moment of inertiato better than 1% for centi-Hz systems.

& nbsp;
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MOTIVATIONS

% WD binaries are ubiquitous.
® ~10® WD binaries in the Galaxy. yuemans: on)

Important sources for future low-frequency GW observatories like
LISA and/or TianGO.

® ~107 in LISA’s band; ~ 10? individually resolvable.
Progenitors of type Ia SNe, AM CVn stars, ...

More and more such systems are being discovered by surveys like
the ELM & ZTE.

Tidal interactions are significant in such systems.
® Spins up the WD. LETTER
% Tidal heating.

(Fuller & Lai 11, 12a, 12b, 13, 14; Burkart+ 13)

ittt orgy 10,100 w1 S6-019-1403-0

General relativistic orbital decay in a seven-minute-
clipsing binary system
pife . E « Lars

L

Hang Yu, May 2020, PI 3
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LINEAR TIDE

% Equilibrium tide: % Dynamical tide:
b ’".-"L =r e

Fig. courtesy:
K. Burns

% Fluid follows the
equipotential of the
companion. % Supported by gravity/buoyancy.

% Large-scale deformation of % Responsible for the tidal
the star. dissipation!

% Internal waves.

Hang Yu, May 2020, PI
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LINEAR TIDES

® Equation of motion: dis oo lom

pg =i [5] + pAtides

._.
=)
=]

Fluid [nternal External
acceleration. restoring force. drive.

Frequency [min ']

% If small amp & weakly damped:

% Wave reflects at the boundary ->
standing waves.

Mass Fraction

® Orthonormal set of eigenmodes.

Eg ;ﬂ =2 4t [fﬁ;g(r)] o

Center € > Surface

(Schenk+ 02) (0.6 M_sun CO WD)

Hang Yu, May 2020, PI
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& Fuller & Lazi:

% modes’ amplitudes too high.
& Shear>1 -> perturbed fluid

overturns the background
stratification.

B pi 2020 hy.pdf

PhysRevlLett.108....

© ®

Waves break due to /ocal nonlinear

effects.
Traveling wave instead!

% Burkart et al. (2013):
@ Still using the mode expansion.

% Wave-breaking for resonant peaks.

% Dampingterm: 1/group-traveling

time.

Hang Yu, May 2020, PI

1999MNRAS_308...
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(1-r/R) |'T._..r = 18000 K
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b
Wave breaks _—7”
locally here. o

=== T,;=18000K

Shear profile
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Strongly nonlinear Weakly nonlinear

Fuller & Lai 12a, b, 13, 14... | This work! Fuller & Lai 11, ¥
Burkart et al. 13, ...

Gravity waves break at the | Nonlinearly coupled mode | Gravity wavesreflect atthe
outer boundary; network. boundaries;

One-way traveling wave. Discrete standing waves
(eigenmodes).

P_orb < 10 min 10 min < P_orb < 150 min P_orb > 150 min

» Key difference:
When do the waves become S Local NL threshold
nonlinear?

.. Linearenergy

» Previous studies: local criterion. e “-(off-resonance)
Shear > 1 => overturns buoyancy =>
local wave-breaking Global NL threshold

20 30 50

« This work: global effect. Prvt [min]

Global parametric instability. 7 -——
Orbit evolves due to GW radiation
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PARAMETRIC INSTABILITY

Tide-—->a'

7\
/A

Waq™=TMg (Qorb = Qs?

Mg (Qorb _st)"_wb twe ~0

(Weinberg+ 12,
Essick & Weinberg 16)

Hang Yu, May 2020, PI

- Total Nonlinear Energy
» Prnt. Linear Energy
== Dght. Eq. in 3-Mode Sys.

20
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TIMESCALES

® Different timescales:
& Tgw = Qorb/Qorb
GW decay timesc¥le
® ﬂ]l = l/rnl
NL growth timescale
& TA :
Time takes for an initially

most resonant daughter
pair to be off-resonant.

Timescales [yr]

H
<
-

H
2

20 30 o 80 100
F:.lrb [I'[li [1]

B 1.1 Thva Tg;w-

Hang Yu, May 2020, PI
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OUR APPROACH

% Full mode-network integrations at representative orbital
periods (NL growth timescale ~ days-months).

% Phenomenological models describing the nonlinear tidal
dissipation rates.

% Long-term tidal synchronization and heating (GW decay
timescale~ 1077 years)

% Observational signatures in EM & GW.

Hang Yu, May 2020, PI
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39.6 39.7 39.8 39.9
P, [min]

<— Half of mode separation —>

% Energy dissipation rate
around a resonant peak:

% Depends on the parent
mode detuning.

% Seek a form similar
to the linear theory.
== 4'Ycﬁ'Ecﬁ'a

2

a UG_Q,

w

A2+ 42 (Een)

Tcﬁ'(chf) ~ WakKabe chf'

where:

w, = Eigenfreq of the parent,

U, ~ Tidal epl. strength of the parent,
A, ~ Freq detuning.

Kabe ~ 3-mode cpl coeflicient

11
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% Energy dissipation rate
around a resonant peak:

% Depends on the parent
mode detuning.

% Seek a form similar
to the linear theory.
== 4')‘cﬂ'Ecﬁ"
2

a Ué’

w

A2+ 42 (Een)

chff(chf) ~ WaKkabe chf'

w, = Eigenfreq of the parent,
U, ~ Tidal epl. strength of the parent,
A, ~ Freq d “tuning.

Kabe ~ 3-mode cpl coeflicient
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Enpespenssmll @ Energy dissipation over a
A B/ large range of P_orb:

% Reduced peak-trough
spread due to E-dependent
damping.

20 30 50 80 100
Py, [min]

(WD 1s assumed non-spinning here.)

Hang Yu, May 2020, PI
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TIDAL SYNCHRONIZATION

% Dissipation makes the tidal bulge
lags behind the companion->Torque!

The torque will spin up the WD.
Synchronization:

QS = me instead of s = Qb

Two questions to ask:
% 1. For an initially non-rotating WD, when can we have

Qs 2 s:zcu'b?

® 2.Once ), = ), 1S satisfied, can it be maintained?

Hang Yu, May 2020, P1

Pirsa: 20050024 Page 15/21




& B pi_2020 hy.pdt

Home Toals sts606.pdf st1726.pdf PhysRevlLett.108.... 1999MNRAS_308... pi_2020_hy.pdf X

w e B HEQ @ ©® nwix kM OGO nwx - @B FT B L& D

= Spin-up timescale,

-2, .—6.5
—0 e Qorbu“rf ?

- £3 5,
i SZL_)I'[Z;W” !

T e gzmrl)
EWw — =
Qu!']).gw

30 50 80 100
P, [min]

%’D isassumed non-spinning here.)

Hang Yu, May 2020, PI

Pirsa: 20050024 Page 16/21




o B pi2 hy.pdf
Home Tools stsB606.pdf sti726.pdf PhysRevLett.108.... 1999MNRAS_308... pi_2020_hy.pdf

o B Q@ @ e - [ =2 B 2 & 5

% TW: smooth heating rate
dictated by GW decay.

Qs = s-?f(;-rb >~ Qorb,gw-

Frequency [Hz]
=
.

(0.6, 0.6) binary. % NL: extra dips.
Temporarily out of sync.

—— Weakly Nonlinear : (nl) -2 —8/3 (tw) 3
—— Traveling Wave - T:: i Q TE-'W T ’ T.‘:' ~3 Q

orb? orb
1

orb’
TW can maintain sync’ed but NL cannot!

20 30 50
Py, [min]

(Solid-body rotation assumed. )

Hang Yu, May 2020, PI 26
Fory [min]
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EM OBSERVATION

Weakly Nonlinear = B, ) The NL mOdCI mlght

—— Traveling Wave

e reproduce the luminosity of
| the CO WD in J0651 if it
resides in a dip.

Only ~ 1% chance...

6 B8 S Hoiia (Also ignored adjustment to
Pirp, [min] the background structure
due to tidal heating.)

Hang Yu, May 2020, PI
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GW OBSERVATION

% Focusing on sys' w/
P_orb <~ 5 min.

® TW regime; sync'ed.

& Tidal effects accelerate
the orbital decay.

Etidc/Epp & IWDf;;,{,:i-

Assuming Qg = Qob.

% Allows us to measure the 5 10 15 20

WD's moment of inertia. S [mHz]
Freq resolution ~ 6 nHz;

Freq evolution ~ 1-100 pHz.

Hang Yu, May 2020, PI
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TianGO

arXiv:1908.06004

Sensitive from 10 mHz to 10 Hz.

Real-time Michelson w/ 100 km arms i
@ Much simpler/cheaper than LISA.
% Adopts LIGO technologies.

For WDs, comparable to LISA.

Frequency [Hz

Multi-band ob. of LIGO sources.

Great for localization:
® Longbaseline b/t TianGO & ground.
% Doppler shift (as in band for ~ yrs).

Hang Yu, May 2020, PI 18
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CONCLUSIONS

Tide is weakly nonlinear for WDs w/ P_orb ~ 10-150 min.
Nonlinearity captured by an effective NL damping Yeff ™~ V Ees.
(linear damping is independent of energy.)
Evolution track similar to the TW model overall.
(consequence of tidal synchronization.)
% Extra dips in the tidal heating because
synchronization cannot be maintained in the NL model.
Luminosity at a dip consistent w/ J0651; only ~1% chance.

WD moment of inertia can be well measured by a centihertz
detector.

Hang Yu, May 2020, PI
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