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Abstract

The traditional description of the orbital evolution of compact-object binaries, like double white dwarfs (DWDs),
assumes that the system is driven only by gravitational-wave (GW) radiation. However, the high magnetic fields
with intensities of up to gigagausses measured in WDs alert a potential role of the electromagnetic (EM) emission
in the evolution of DWDs. We evaluate the orbital dynamics of DWDs under the effects of GW radiation, tidal
synchronization, and EM emission by a unipolar inductor generated by the magnetic primary and the relative
motion of the nonmagnetic secondary. We show that the EM emission can affect the orbital dynamics for magnetic
fields larger than megagausses. We applied the model to two known DWDs, SDSS J0651+4-2844 and ZTF J1539
+5027, for which the GW radiation alone does not fully account for the measured orbital decay rate. We obtain
upper limits to the primary’s magnetic field strength, over which the EM emission causes an orbital decay faster
than observed. The contribution of tidal locking and the EM emission is comparable, and together they can
contribute up to 20% to the measured orbital decay rate. We show that the gravitational waveform for a DWD
modeled as purely driven by GWs and including tidal interactions and EM emission can have large relative
dephasing detectable in the mHz regime of frequencies relevant for space-based detectors like LISA. Therefore,
including physics besides GW radiation in the waveform templates is essential to calibrate the GW detectors using
known sources, e.g., ZTF J1539+4-5027, and to infer binary parameters.

Unified Astronomy Thesaurus concepts: White dwarf stars (1799); Close binary stars (254); Compact binary stars
(283); Stellar magnetic fields (1610); Gravitational waves (678)

1. Introduction

Our Galaxy hosts a predicted number of (1-3) x 10® double
white dwarfs (hereafter DWDs; Nelemans et al. 2001, 2005;
Maoz et al. 2012), of which observational facilities have
detected only about 100. This situation can improve thanks to
forthcoming space-based detectors of gravitational waves
(GWs) like the Laser Interferometer Space Antenna (LISA),
which expects to detect the GW radiation driving the dynamics
of compact, detached DWDs (see, e.g., Stroeer & Vec-
chio 2006; Korol et al. 2022). The detection and analysis of
GW signals need the development of gravitational waveform
templates that accurately encode the physics driving the binary
dynamics. The traditional description of the orbital evolution of
compact-object binaries, like DWDs, assumes that the GW
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radiation of two point-like masses orbiting the common center
of mass is an accurate description of the binary dynamics,
neglecting any other interactions. However, the orbital
evolution is affected by additional effects like the dark matter
background (see, e.g., Pani 2015; Gémez & Rueda 2017) and
the electromagnetic (EM) emission (see, e.g., Marsh &
Nelemans 2005; Wang et al. 2018). We focus in this article
on the effects of the latter.

There is mounting observational evidence that the compo-
nents of DWDs can be highly magnetized. Depending on the
binary component masses, the merger of a DWD may not lead
to a prompt type la supernova (SN) but a newborn, massive,
fast-rotating, highly magnetic WD (see, e.g., Becerra et al.
2018). Mergers of DWDs have been proposed as progenitors of
ZTF J190132.9+4145808.7 Caiazzo et al. (2021) and the
recently discovered isolated, highly magnetic, rapidly rotating
WD (rotation period of 70.32 s), SDSS J221141.80+113604.4
(see Kilic et al. 2021 for details). These rotation rates are
consistent with the theoretical predictions for DWD merger
remnants, in agreement with the many works published in the
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last decade about the theory of highly magnetic, massive, and
fast WDs from DWD mergers (Malheiro et al. 2012; Coelho &
Malheiro 2012; Rueda et al. 2013; Coelho & Malheiro 2014,
Coelho et al. 2014; Lobato et al. 2016; Mukhopadhyay &
Rao 2016; Caceres et al. 2017; Coelho et al. 2017; Becerra
et al. 2018; Otoniel et al. 2019; Sousa et al. 2020a, 2020b; and
Borges et al. 2020).

The above extreme properties of some WDs have led to the
proposal that DWD mergers can power low-energy gamma-ray
bursts (GRBs). The prompt gamma-ray emission arises from
the transient activity of the magnetosphere during the merger,
the infrared/optical transient from the merger ejecta, and an
extended X-ray and radio emission powered by the WD central
merger remnant (Rueda et al. 2019). In addition, high-energy
neutrinos may be the product of cosmic-ray acceleration in
DWD mergers and newborn pulsars (Xiao et al. 2016). The
rapid rotation and strong magnetic fields can accelerate
particles to energies higher than petaelectronvolts (PeV; i.e.,
10" eV), and the surrounding material can naturally generate
ultrahigh-energy cosmic rays (UHECR) with energies larger
than exaelectronvolts (EeV; i.e., 10'® eV), in particular, with a
heavy composition (Piro & Kollmeier 2016; dos Anjos et al.
2021). The rotational magnetic instability surrounding the
source can lead to the formation of hot, magnetized corona and
high-velocity outflows. Additionally, the low volume of the
surrounding material facilitates the escape of UHECRs from
the environment (Piro & Kollmeier 2016; Ji et al. 2013;
Beloborodov 2014; Venters et al. 2020). The operation of the
near generation of multimessenger observatories like the
Cherenkov Telescope Array (CTA; Actis et al. 2011),
POEMMA (Olinto et al. 2017), and IceCube (The IceCube
Collaboration 2011) will shed more light on several high-
energy scenarios and interpretations for understanding particle
acceleration in a DWD merger.

Given all the above, in this article, we analyze the dynamics
of DWDs in the premerger stage under the action of GW
emission, tidal interactions, and EM emission. The inclusion of
a large variety of possible emissions besides the GW radiation
could complicate the analysis of the results and hide the
essential physics we would like to spot here. Therefore, we
emphasize here only the effects of the EM emission on the
binary dynamics using the unipolar inductor model (UIM;
Goldreich & Lynden-Bell 1969) applied to DWDs (see, e.g.,
Wu et al. 2002; Dall’Osso et al. 2006; Lai 2012). The EM
emission in the UIM originates from the energy dissipation of
the closed circuit formed by the magnetized primary star, the
nonmagnetic secondary, and the magnetic field lines. The
motion of the secondary relative to the magnetic field lines of
the primary generates the electromotive force (EMF) that drives
the current through the magnetic field lines (see, e.g., Wu et al.
2002; Lai 2012). We refer the reader to Lai (2012; and
references therein) for estimates of the EM emission from the
UIM in a variety of compact-object binaries.

We show with specific examples that the EM emission by
the UI overcomes the emission from a hot WD and magnetic-
dipole braking. Such an EM emission is comparable to the
quadrupolar GW radiation by two orbiting point-like masses.
Therefore, we include the EM emission in the binary dynamics
and quantify its contribution to the rate of orbital decay. We
show that the EM emission can significantly affect the binary
dynamics, accounting for a sizable part of the orbital decay
measured in some compact DWDs and the GW properties (e.g.,
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phase, intensity). Therefore, it is of paramount relevance to
understand and model the physical phenomena that drive the
binary dynamics to develop astrophysical waveform templates
useful to detect and infer binary parameters from GW signals
(see, e.g., Bourgoin et al. 2022).

We organize the article as follows. In Section 2, we recall the
aspects of the UIM that are relevant for the modeling of the
DWD dynamics, estimate the EM dissipation for fiducial
values of the masses and magnetic field, solve (numerically)
the equations of motion, and compare with the orbital decay of
a pure GW-radiation-driven dynamics. Section 3 analyzes
within the UIM two known DWDs, SDSS J0651+2844 and
ZTF J1539+5027. We analyze the constraints on the system
given by the measured orbital decay, obtain upper limits to the
primary’s magnetic field, and estimate the contribution of tidal
synchronization and EM emission to the orbital decay. We
quantify in Section 4 the effect of the EM emission in the phase
evolution of the GWs. Finally, we present in Section 5 the
conclusions of this article.

2. Unipolar Inductor and Orbital Dynamics

We follow the general framework of the UIM presented in
Wu et al. (2002) and use the associated EM dissipation
estimated in Lai (2012). The binary system is composed of a
magnetic primary with mass M, radius R,, and magnetic
moment £y, and a nonmagnetic secondary with mass M, and
radius R,. Unless otherwise stated, we estimate the WD radius
from the mass—radius relation presented in Carvalho et al.
(2018) and Carvalho (2019). The secondary is synchronous, so
it has angular velocity w; = wy, where

GM
= (1)

wo =

-

is the orbital angular velocity according to Kepler’s third law.

The primary is asynchronous with angular velocity €2 measured

by the parameter a=/wy. Hereafter, we denote with

M=M,;+ M, and r the binary’s total mass and orbital
separation.

The evolution of the binary system under the combined

(nonlinearly coupled) GW radiation, tides, and EM emission

losses in the UIM is obtained from energy and angular

momentum conservation, which lead to the system of equations
Wu et al. (2002)

2Pt | @
Wo P g(wo) 1 -«

a 1 : L g(wo)
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where P=27/w, is the orbital period, L is the EM power
released by the circuit, and Egw is the rate of energy loss via
GW radiation for a system of two point-like masses in circular
orbit
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where we have used Equation (1) in the second equality, and

ST (SRSt I (&)2
g(we) = 3(1+qGle0) 1 5(1—|—q) r ,
(5)

with g = M,/M, the binary’s mass ratio.

The above model of the binary dynamics remains valid to the
point when either Roche lobe overflow of the secondary or a
merger takes place. Therefore, the maximum orbital angular
velocity of the system is

max GM
wOa = r3_9 (6)

being rpin = Max(rg, hinrg), Where according to Eggleton’s
formula for the Roche lobe Eggleton (1983)

_ 0.6¢* +In(1 + ¢'7?)
0.49¢/3

rL Ry, (N
and 7y =R + R,. For instance, for a 0.6 + 0.6 M, binary,
with R, =R,~7.8x10%cm, r,~2.06x10°cm, and
Fmrg 2 1.56 X 10° cm. For these figures, Equation (6) leads to
wi ~ 0.13rad s~', corresponding to a minimum orbital
period of 46.43 s. In all the examples presented in this article,
the orbital dynamics is analyzed far from any of the above two
physical situations.

The equations of motion, Equations (2)-(3), account for the
torques due to the EM emission and from tides (see Wu et al.
2002 for details). We now recall the EM power of the UIM.
The motion of the conductive secondary into the primary’s
rotating magnetosphere induces an electromotive force
&= 2R2|E |, where the electric field and associated electric
potential U through the secondary star are

E=YXB  y_opm, (8)
C
being
7 =r(wo— Do = (GMwp)' /31 — ), )

and we have used Equation (1) in the second equality. The total
energy dissipation is Wu et al. (2002)

L =2I*R, (10)

where the factor 2 accounts for the upper and lower parts of the
circuit, R is the total resistance of the system, and I = U /R is
the electric current.

Lai (2012) has shown that a high twist of the magnetic field
causes the disruption of the magnetic flux tubes, hence short-
circuiting the system. The azimuthal twist is given by
§, = —Byi/B. = 16v/(c*R), where B, is the toroidal
magnetic field generated by the current in the circuit on the
upper side of the primary. Therefore, we limit the twist
parameter to £ <1 (e, R 2 16v/c?), so that the circuit
remains active. Bearing the above in mind, we parameterize the
resistance in terms of the value given by the impedance of free
space, i.e.,

R=2T2, (11)
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Figure 1. Value of 7., as a function of wy, given by Equation (13), for
selected values of «.

which leads to

1/3
g =t = i(GM“’O) (1 - ayn, (12)

¢ w\ 3

where we have used Equation (9) to obtain the second equality.
We limit the value of 7 so to have £ <1 during the entire
evolution. Therefore, 7, is

3 1/3
nmax=5( - ) L (13)

4 GMwo 1 -«

Figure 1 shows the value of 7, as a function of the wy, for
selected values of «.

Having set all the above, the EM power, Equation (10),
derived in Lai (2012) can be written as
1R

L :i(l — ) wy———. (14)
e r

1 —«

Normalizing the physical quantities in Equation (14) to fiducial
parameters for DWDs, the EM power reads

~ 2 6
L 970 %1028 ( R )
1 —« 106G 10° cm

2 4/3 14/3
(o) (5) (F57) e a9

where we have used the primary’s magnetic moment
= BR13, with B the magnetic field, and have introduced

B=J1 - a)nB, (16)

a quantity that encloses the degeneracy among «, 7, and B in
Equations (2) and (3).

Figure 2 shows the EM power, Equation (15), as a function
of the orbital angular velocity, in the case of a«=0.9, and
M =M,=0.6M, (Ri=R,=7.79 x 10® cm), for selected
values of the magnetic field strength ranging from 10° G to 10°
G. For instance, for a magnetic field B = 10° G, n=100, and
orbital period of 50 and 300s, Equation (15) leads,
respectivelz, to an EM power of 2.66 x 10°° erg s ' and
6.23 x 10* erg s~ '. This luminosity is much larger than the
blackbody luminosity of a hot WD with surface temperature of
10* K, Lgg = 47R’>0T* ~ 4.33 x 10 erg s ', or the EM
emission owing to magnetic-dipole braking, respectively,
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Figure 2. EM power as a function of orbital angular frequency given by
Equation (15), for selected values of the primary’s magnetic field. In this
example, we set 7=100, and the binary is mass-symmetric with
M, = M, = 0.6 M. The mass—radius relation is taken from Carvalho et al.
(2018). For comparison, we also show the GW power (black dashed curve)
given by Equation (4).

Lagp ~ (1/BREQ* ~ 136 x 10% erg s' and
1.05 x 10 erg s .

Figure 2 also indicates that for magnetic fields of the order of
10° G, the EM emission of the UIM can even overcome the
GW emission before merger, so it largely affects the orbital
dynamics at those evolution stages. For lower magnetic fields,
the EM emission lowers but remains comparable to the GW
emission at high frequencies, i.e., for compact binaries. Under
these conditions, the orbital evolution is not driven only by GW
radiation, but rather by a coupling between GW and EM
emission. Figure 3 shows the evolution of wy with time, for an
initial orbital period of 10 minutes. We compare the results of
the orbital dynamics given by Equation (2), which accounts for
GWs, tides, and EM emission, with the case when the
dynamics is purely driven by GW radiation. In the latter case,
the rate of orbital decay is given by

9

. . 5/3 MM
Foos = Fow = —?6(277)8/3(;—#

-5/3
Ve P/, a7
In this specific example, for magnetic fields 2106 G, the tidal
locking and the EM emission starts to affect the orbital
dynamics, and for fields >10% G the effects become noticeably
large.

3. Constraining the Magnetic Field in Observed Double
White Dwarfs

Since the orbital evolution of the binary is affected by the
EM emission and tides, it is theoretically possible to infer the
magnetic field or at least to put constraints on it from
measurements of the orbital decay rate. Therefore, given
measurements of the orbital period, P, the spin-down rate of the
orbital period, Py, and the binary component masses, M; and
M, (the corresponding WD radii are assumed to be known from
the mass—radius relation), we can constrain the magnetic field.
For this task, we request that the spin-down rate predicted by
the UIM, which includes the effect of the GWs, the EM
emission, and tides, does not exceed the measured orbital
decay, Py, i.c.,

Pps = P, (18)
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where P is the period decay given by the model, which is
obtained from the solution of the system of Equations (2)—(3).
In this light, we analyze two known compact DWDs, ZTF
J1539+4-5027 (Burdge et al. 2019) and SDSS J0651+2844
(Brown et al. 2011; Hermes et al. 2012).

3.1. SDSS J0651+2844

Table 1 lists the parameters M, M5, P, and Py of SDSS
J0651+4-2844, reported in Brown et al. (2011) and Hermes et al.
(2012). Given values of P and P, Equation (18), with P given
by Equation (2), gives a relation between M, and M, for every
given value of B. Figure 4 shows examples of the constraints
on the masses obtained from the orbital period and decay rate
of SDSS J0651+2844. We compare the results of the UIM
with the case of pure GW radiation, i.e., when using
Equation (17), the case with 90% of GW radiation and the
case with GW radiation plus tides, i.e., Equations (2) and (3)
with L = 0. The agreement with the observational data requires
that the M,—M, relations cross the measurements of M, and M,
represented within 1o error by the blue rectangle. The pure
GW-driven evolution is consistent with the data, but the current
statistical uncertainties in the measured masses and P allow
alternative explanations of the binary dynamics including
additional physics to the GW emission, like Ul and tides, for a
relatively wide parameter space. Therefore, tighter constraints
on P are needed to conclude more on the sole basis of timing.
The absence of Zeeman splitting in the spectra of J0651+42844
rules out magnetic fields B > 10° G.

In Hermes et al. (2012) and Burdge et al. (2019), it has been
pointed out that, indeed, a sizable portion of the observed
orbital decay might arise in these DWDs from tidal interac-
tions. Besides GWs and tides, the model studied in this work
takes also into account the effect of EM emission from an
active Ul in the binary. Figure 4 shows three curves of the
UIM, and the case of including GWs and a full tidal locking but
without EM emission (B = 0). We recall that as the
synchronization parameter « changes with time (see, e.g.,
Figure 3), the value of B must be considered as a constraint at
the observational period. For B = 107 G (red curve), the effect
of the EM emission is relatively small, so the dynamics is
dominated by GW radiation and tidal synchronization. This
model nearly follows the curve of the model Pgw = 0.9P,
which suggests that roughly 90% of the orbital decay is due to
GW radiation, and the remaining 10% to tidal locking. For
B=58x10 G (green curve), the EM emission has
considerable effects in the dynamics, as shown by the
difference of this curve in comparison with the examples with
lower magnetic field values. In fact, the data do not favor
models with high values of B as shown by the upper limit on B
set by the 30 upper limit on P. For B > 9.7 x 107 G, the
M—M, curve for those cases lie outside the rectangle of lo
uncertainties in the masses. Although due to the nonlinearity of
the model is not possible to separate the individual contribu-
tions to the P, we have checked that a curve in which 77% of
the orbital decay is due to GW radiation approaches the green
curve in the lower right part of the rectangle (middle panel),
suggesting that the contribution of GW radiation in the green-
curve model could be around that value, and the
remaining ~ 23% is shared in comparable amounts by the
tidal interactions and EM emission.
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Figure 3. Examples of numerical solution of the equations of motion, Equations (2)—(3), for selected values of the primary’s magnetic field. In these examples, we set
1 = 100, the binary is mass-symmetric with M; = M, = 0.6 M, and we assign an initial ( = 0) values for the orbital period and the degree of synchronization of the
primary, respectively, P(0) = 10 min (i.e., wy(0) = 0.0105) and «(0) = 0.5. The mass—radius relation is taken from Carvalho et al. (2018). For comparison, we also
show the solution of the equations of motion when only GW radiation is considered, i.e., the solution to Equation (17). Upper left: orbital evolution, wy. Upper right:
orbital decay rate, P, normalized to the value for the case of only GW radiation, Pgw. Lower left: evolution of the primary’s synchronization, . Lower right: evolution
of the twist parameter, .

Table 1
Example of DWDs with Short Orbital Periods That Are Targets for LISA-like Missions

References

Burdge et al. (2019)

Pobs (5 Sil)
(—2.373 + 0.005) x 10~

M/ M,

0.610255;

M2/ M;-)

0.21050012

P (s)
41479 +2.9 x 10°°

Binary
ZTF J1539+4-5027

SDSS J0651+2844 0.50 £ 0.04 0.26 £ 0.04 7652 +55x 1077 (—9.8+28) x 107" Brown et al. (2011); Hermes et al. (2012)

Note. An upper limit for the magnetic field of the UIM can be set if the DWD has measured P, P, My, and M,. See main text for details.

3.2. ZTF J1539+5027

Table 1 lists the parameters M, M,, P, and Pys of ZTF
J15394-5027, reported in Burdge et al. (2019). In this case, the
masses of the DWD components are not known from
photometric and/or spectroscopic measurements. The reported
values of the masses have been obtained in Burdge et al. (2019)
from crossed information by the measured spectroscopic radial-
velocity semiamplitudes, the constraint to the mass—radius
relation of the primary combined with the ratio of the primary’s
radius to the semimajor axis, R;/r inferred from lightcurve
modeling, and constraints imposed by the binary chirp mass
assuming that the orbital decay is 100% driven by GW
radiation (solid black curve), or 90% (dotted black curve),
assuming a 10% from tidal interaction considering full
synchronization of both the primary and the secondary.

Since in this case the mass values depend on the adopted
model, we apply the present model considering GW radiation,
tides, and the EM emission by the UL, and cross-check it with
the other independent constraints. We plot in Figure 5 the
results for B = 1.0 x 10° G (blue curve), 2.0 x 10’ G (orange
curve), and 2.8 x 10’ G (green curve). In doing this, we
adopted in the function g(wg) given by Equation (5), the
observational constraint on the secondary’s radius,
R,/r=0.28, as reported in Burdge et al. (2019). For B < 107
G, the EM emission effect is relatively small. In fact, the blue
curve partly overlaps with the black dotted curve Pgw = 0.9P,
with the remaining ~10% dominated by the partial tidal
synchronization. For larger values of B, the EM emission has
appreciable effects. Indeed, models with B > 2.8 x 107 G are
not favored by the observational data, since the resulting
M —M, relation falls below the lower limit imposed by the 50%
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Figure 4. Constraints on the binary masses and magnetic field for SDSS J0651+2844. We have used the values inferred from photometric and spectroscopic
measurements of the orbital period, decay rate, and masses reported in Hermes et al. (2012) (see also Table 1). The blue rectangle represents the 1o uncertainties on the
masses. Left: constraints considering the lower limit for the decay rate, P = —(9.8 — 2.8) x 1072 s s~!, which gives the lower limit to the contribution of B and
tides. Pure GW radiation is consistent with 1o errors in the masses. Center: constraints considering the central value of the decay rate, P = —9.8 x 10712 s s~!. Right:

constraints considering the upper limit for the decay rate, P = —(9.8 + 2.8) x 107255

~!, which we use to estimate the upper limit on B. Summarizing, the current

decay rate is consistent with a pure GW-driven dynamics, but the uncertainties on the mass measurements and P are broad enough to allow solutions of GW emission
admixed with a UT and tides, although the absence of Zeeman splitting in the spectra rule out magnetic field strengths B > 10° G.

0.6 ' '

0.5
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B=20x10" G
B=28x%x10" G

— GW
....... GW 90 %
GW + tides (B=0)
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08 1.0 1.2

Mi/M

Figure 5. Constraint on the binary masses and magnetic field of the primary in ZTF J1539+5027. We have used the orbital period and decay rate reported in Burdge

et al. (2019) and listed in Table 1.

contour level of the mass-radius constraint shown in Burdge
et al. (2019). Figure 5 shows that within the above range of
allowed values of B, some solutions allow slightly lower values
for the masses with respect to the solution considered in
Burdge et al. (2019) of nearly 90% of P arising from GWs and
10% from tidal synchronization.

4. Intrinsic Time-domain Phase Evolution of Gravitational
Waves

Having shown that physics besides GW radiation, e.g., tidal
and EM emission, can have appreciable effects on the orbital
dynamics, we analyze in this section the effect that this could
have on the gravitational waveform.

The evolution of the orbital angular frequency is quite slow
for a considerable part of the lifetime of the binary.
Consequently, these systems can be considered as quasi-

monochromatic GW emitters. It is worth mentioning that if the
source is exactly monochromatic (given the sensitivity of the
detector) the nature of the system cannot be determined by
observing its gravitational radiation. We will consider only the
evolution stages when the system is not monochromatic, that is,
only those orbital frequency regimes of the system in which an
interferometer is capable of detecting changes in frequency.
For a quasi-monochromatic source, the intrinsic parameters
of the gravitational waveform template are the frequency, f, its
time derivative, f , and the wave amplitude, Ay (Takahashi &
Seto 2002). The amplitude depends both on intrinsic
parameters (e.g., the binary mass) and also on external
parameters like the distance to the source. The first two
parameters (f and f) define the intrinsic time-domain phase



THE ASTROPHYSICAL JOURNAL, 940:90 (9pp), 2022 November 20

Carvalho et al.

1.1,

=
(=)

o
~

— i = 0.3

Qinit = 0.5
— aint = 0.7

Qinit = 0.9

4x1073

6x 1073
f(Hz)

102

Figure 6. Difference in the intrinsic time-domain phase evolution between the two models AQ,, = QSY — QY™ for a binary with M =12 M., g =1, 5= 100,
and two selected values of the magnetic field B = 8 x 107 G (solid curves), B =2 x 10% G (dashed curves). The different colors correspond to different initial values
of o used in the numerical integration. The intrinsic time-domain phase parameter encapsulates two of the intrinsic observable obtained from GW data. Since
AQ,, > 1, the UIM waveform gets out of phase with respect to the waveform in the case of only GW radiation. A sufficiently large dephasing can be detected by

LISA for appropriate conditions (see main text for details).

evolution of the GWs as (Damour et al. 2013)

Qw:w_ZZ_Z—WZZ’]T dn s
w P dlnw
which provides information on the rate change of the GW
phase per logarithmic change in frequency. Here, w = 2wy is
the GW angular frequency. The quantity Q. is useful to
compare the phase evolution of two waveforms given it is
invariant under phase and time shifts. The integral of the
difference between the value of Q. of two waveforms gives
their relative dephasing. For a binary emitting only GW in the
pure point-like quadrupole approximation, the phase evolution
oV is

_3 _3
05Y — izf%(GMw) ’ L(GMWO) Y (20)

3v 3 - 48y 3

19)

where v= MM, /M2 =q/(qg+ 1)* is the so-called symmetric
mass ratio. For example, a binary with M = 1.2 M., g=1
(v=1/4), driven only by GW emission, has
05V =32 x 102 at f=w/(27) = 1 mHz.

As already mentioned, the frequency evolution of a binary
under GW, tidal interaction, and EM emission is different from
a pure GW-radiation-driven dynamics. Therefore, the GW
phase evolution is also different. The slower a system changes
its frequency, the more cycles it achieves before changing its
frequency, i.e., Q,, is larger. Since the evolution of the binary
under pure GW emission is slower (see Figure 3), we can infer
that Q™ < @SV,

Figure 6 shows the difference in the parameter Q,, between
the UIM and the pure GW emission model,
AQ, = Q,f’w - Q,},HM, as a function of the GW frequency,
for M=12 M., g=1, n=100, two selected values of the
magnetic field, B=28 x 10" G (continuous curves) and
B =2 x 10® G (dashed curves), and for different initial values
of synchronization parameter o. For each magnetic field case,

the different curves corresponding to different «y,;; converge
rapidly. This is a consequence of the existence of a quasi-
attractor different from unity in the dynamics of synchroniza-
tion parameter, « (see, e.g., Figure 3). Furthermore, the
intrinsic time-domain evolution is affected for increasing
values of the magnetic field.

The considerable difference between the models implies a
relative dephasing of the gravitational waveforms, even when
the changes in frequency are small. Suppose that we observe
the above system at a GW frequency of 6 mHz, i.e., at an
orbital period of P = 5.6 minutes, and the synchronization is
a=0.8. After 2 yr of evolution, the GW frequency has
changed 1.57 x 103 %, in the case of the UIM model with
magnetic field B =8 X 107 G, and 1.47 x 1073 %, in the case
of GW emission. For the former frequency change, the
difference in phase of  the waveforms is
A® ~ AQ,dInw = 1.48 x 107 rad. For a magnetic field of
2 x 10® G, the system changes its frequency 1.88 x 10~ % in
the same time interval and the deghasing between the two
waveforms increases to = 5.19 x 10’ rad.

From the observational viewpoint, we can distinguish the
two systems by the fact that the observable £ is different at the
same frequency. This difference can be measured by GW
detectors like LISA (Amaro-Seoane et al. 2017). The error in
estimating f by using the matched-filtering method is
(Takahashi & Seto 2002)

Ajierror ~ 043(£)IT’ (21)
<P> obs

where (p) is the signal-to-noise ratio (S/N) accumulated in the
observing time, Tops. The S/N for quasi-monochromatic
sources can be estimated as (Maggiore 2008)

~2
6 h, .
(p?) = ¢ (Jobs)

= — : (22)
25 fos Sn(fobs)
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where the factor 6/25 comes from averaging over the angles
and considering two Michelson interferometers, f,,s is the
observed GW frequency, S,(f) is the power spectrum density
of the detector noise, and ﬁc is the reduced characteristic
amplitude (Flanagan & Hughes 1998)

he(f) = ho(f)NN = ho(f)[f T, » (23)

with hg = 4v(GM /dc?)(tGMF /c3)?/? the GW amplitude and
d is the distance to source.

Using the same system at a GW frequency f= 6 mHz, the
differences between the UIM and the pure GW emission model
for B=8x 10" G and B=2x10® G are, respectively,
Af =926 x 1077 Hz s~ ' and Af =391 x 1071 Hz s~ .
Suppose that the binary is located at a distance of 1 kpc, so after
2 yr of observations by LISA, it could reach an S/N (p) ~ 246,
and Equation (21) gives Af, ., ~ 4.38 x 10""® Hzs™'. These
figures imply that LISA could discriminate between the two
waveforms.

This effect can be used to calibrate the detectors observing
known astrophysical sources and pinpoint additional effects
besides GW radiation in the orbital dynamics. For instance, we
have shown that the gravitational waveform has the imprint of
the EM emission, so the detection of GW radiation from these
binaries can constrain the magnetic fields present. The above
can be accomplished if the additional effects like the EM
emission are accounted in the gravitational waveform
templates.

5. Conclusions

We have shown in this article that both tidal locking and EM
emission from the Ul mechanism can contribute to binary
dynamics of DWDs as much as the GW radiation. Therefore,
physics besides GW radiation can cause large effects in the
orbital decay rate and, consequently, on the GW waveforms. At
the same time, this can modify the outcome of population
synthesis models and the DWD merger delay time distribution,
relevant for the massive WD population from merging DWDs
and the double-degenerate channel of type Ia SN.

Particularly relevant is the effect of the EM emission on the
orbital decay for a magnetic field parameter B > 107 G, leading
to the possibility of constraining the magnetic field from
measurements of the orbital decay in known DWDs. We
applied the present model to two DWDs. For SDSS J0651
42844 (see Section 3.1 and Figure 4), we obtain an upper limit
B ~ 6 x 10’ G, and for ZTF J1539+5027 (see Section 3.2 and
Figure 5), the upper limit is B ~ 2.8 x 107 G. We have
estimated that in these systems tidal locking and EM emission
can be of the same order and might have a combined
contribution of ~20% to the orbital decay.

The fact that the contribution of physics beyond the GW
radiation is already evident in known binaries motivated us to
quantify the effect of the different orbital dynamics on the GW
time-domain phase evolution, i.e., on the gravitational wave-
form (see Section 4). We have shown that the waveforms
obtained assuming two different dynamics, one driven totally
by GW radiation and one driven by GW, tides, and EM
emission, have an extremely diverse phase evolution (see
Figure 6) that can be measured by LISA. The sensitivity of
LISA to distinguish differences in the phase evolution of
different waveforms is particularly important for known
sources, since the accurate modeling of the templates will
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allow an accurate test of the detector itself. For instance, as
pointed out in Burdge et al. (2019), a crucial verification
source for LISA is ZTF J1539+45027, which emits GWs with
frequency f~ 5 Hz and could be detected with an accumulative
large S/N of about 143 in 4 yr of LISA observations. For this
S/N and observing time, Equation (21) states that the error in
estimating f by matched filtering will be Af, . ~ 2 x 10~!8
Hz s~'. This value of Af. ., together with our estimates in
Section 4, implies that LISA will be sensitive enough to
discriminate between different models for this system. The
difference in f at the GW frequency of this source between a
model accounting for GW radiation, tidal interactions, and EM
emission and a model with only GW radiation is in the range
10772107 Hz s' for magnetic fields 10’-10° G. In
addition, the well-constrained binary inclination angle con-
strains the relative amplitude of two GW polarizations, and the
measured orbital decay already constraints the chirp mass
(Burdge et al. 2019) and, as shown in this article (see Figure 4),
physics beyond GW radiation.

There are additional targets of interest for potential studies of
this topic, e.g., the eclipsing DWD ZTF J2243+4-5242, with an
orbital period of 8.8 minutes and masses M; = 0.323 M, and
M, =0.335M; derived from photometric measurements
(Burdge et al. 2020). The most relevant feature of ZTF J2243
45242 for the present analysis is that neither WD component is
close to fill its Roche lobe, which allows a cleaner a simpler
analysis of the binary dynamics.

We have shown that the dynamics of DWDs is largely
affected by the UI for B = /(1 — a)nB in the range 10-100
MG. For large values of = 10°-10° (see Figure 1), the above
implies that the binary dynamics might deviate from the pure
GW-driven dynamics even for moderate values of the magnetic
field strength B > 10° G. Those fields are detectable by Zeeman
splitting and features of the spectral absorption lines at optical
and UV wavelengths (see, e.g., Ferrario et al. 2015, for details).
Magnetic fields near ~1000 MG shift the spectral lines at
wavelengths far off their zero-field locations and show
stationary transitions (see, e.g., ZTF J1901+4-1458 in Caiazzo
et al. 2021). In the case of SDSS J0651+2844, ZTF J1539
45027, and ZTF J2243+4-5242, strong magnetic fields in the
luminous components are ruled out by the absence of Zeeman
splittings in the cores of the Balmer absorption lines. However,
as we have shown above, the Ul might still be present and
affect the orbital dynamics for high values of 7, leading to a
high effective magnetic field B. Therefore, the measurement of
the magnetic field strength of a high-magnetic WD in a close
DWD via measured Zeeman splitting would become a
compelling target for follow-up timing to test the theoretical
framework presented in this work.
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