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The persistent emission of the anomalous X-ray pulsar 4U 0142461 extends over a broad
range of energy, from mid-infrared up to hard X-rays. In particular, this object is
unique among soft gamma-ray repeaters (SGRs) and anomalous X-ray pulsars (AXPs)
in presenting simultaneously mid-infrared emission and also pulsed optical emission. In
spite of having many propositions to explain this wide range of emission, it is still lacking
one that reproduces simultaneously all the observations. Filling this gap, we present a
model that is able, for the first time, to reproduce simultaneously the entire spectral
energy distribution of 4U 0142461 using plausible physical components and parameters.
We propose that the persistent emission comes from an accreting white dwarf (WD)
surrounded by a debris disk. This model is thoroughly discussed at Ref. 2 and assumes
that: (i) the hard X-rays are due to the bremsstrahlung emission from the post-shock
region of the accretion column; (ii) the soft X-rays are originated by hot spots on the
WD surface; and (iii) the optical and infrared emissions are caused by an optically thick
dusty disk, the WD photosphere, and the tail of the post-shock region emission. In this
scenario, 4U 0142461 harbors a fast-rotator near-Chandrasekhar WD, which is highly
magnetized. Such a WD can be formed by a merger of two less massive WDs.
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1. Introduction

4U 0142461 is an Anomalous X-ray Pulsar (AXP) that presents quiescent emission
in a broad range of energy, from mid-infrared up to hard X-rays. In particular,
this object is unique among SGR/AXPs in presenting simultaneously mid-infrared
emission and pulsed optical emission, which are rare features for the class. Its period
is 8.68 s, the spin-down is around 2.0 x 1072 s.s™! and the soft X-rays luminosity

is about 103° —123

erg.s
The emission nature of AXP/SGRs is still reason for debate and several sce-
narios have been proposed to explain their observed spectra and properties, such

as the magnetars®, accreting NSs?8, quark stars®*, or WD pulsars®?0. All the
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current models fail to explain the entire spectral range of 4U 0142+61. That prob-
lem is not exclusive of 4U 0142461, since no scenario presents a complete model
for the SGR/AXPs class. In this context, we propose that the persistent emission
of 4U 0142461 comes from an accreting isolated WD surrounded by a debris disk,
having gas and dusty regions. This scenario is inspired by the periodic flux modu-
lation and by the presence of mid-infrared emission, which is rare for NSs. In fact,
apart from the SGR/AXP class in which only 1E 22594586 and 4U 0142+61 have

19,30 " only three isolated NSs have detected mid-infrared: the radio

mid-infrared;
pulsars Crab, Vela, and Geminga%2”. Thus, mid-infrared appears in about 0.3% of
all isolated NSs. On the other hand, the presence of mid-infrared in WDs is quite
common. Ref. 7 found that about 7% of all isolated WDs presents mid-infrared
excess detected by WISE, which reinforces the WD origin for 4U 0142+61. This
proceedings presents a study of 4U 0142+61 emission in the context of a WD na-
ture. It is organized as follows. In section 2, we describe the WD accreting model
we use to fit 4U 0142461 data. In section 3, we show the spectral fit of 4U 0142+61.

In section 4, we summarize our findings.

2. An accreting WD model for 4U 0142+61

We propose that the components of 4U 0142461 persistent emission are the WD
photosphere, a disk, and an accretion column. The disk is formed by a dusty
external region and a gaseous internal region. The dusty disk is optically thick and
emits such as a multi-temperature blackbody. The temperature of its inner radius is
the grain sublimation temperature, which is about 1500 K for silicates. Conversely,
the internal gaseous disk is optically thin and its emission can be neglected. The
inner radius of the gaseous disk is equal to the magnetosphere radius. From that
point on, the matter flows into the WD surface following the magnetic field lines
and the debris disk ceases to exist.

Close to the WD photosphere, the in-falling flow of matter produces a shock,
forming an extremely hot region, the so called post-shock region that emits
bremsstrahlung. About half of that energy reaches the WD surface, where it is
reprocessed, forming a hot spot. Once the high-energy emission for 4U 0142461 is
pulsed, with two peaks per phase, we assume that there are two accreting regions.
Thus, we can express the total flux by:

Ftotal = Fdisk +Fwd+Fspot+Fbrem~ (1)

The WD photosphere (F,,q) and the hot spots (Fspot) emit as blackbodies, in
which the intensity for a given wavelength A and temperature 7" is the Planck
function, B(\,T'), whereas the post-shock region emits by thermal bremsstrahlung
(Fyrem). According to Ref. 21, the bremsstrahlung emitted power is:

_ —143.9
P(A, Tyrem) = 2.051 x 1022gffng)\1TbT;/3€$p</\Tb ) (2)
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Assuming that the region is cylindrical, with a height Hp,.cp,, the optical depth
of the bremsstrahlung emission, 74, , is:

Hbremp()\y Tbrem)

Torem = U BN, Torem) (3)

Assuming that the radius is Rprem, and the electron number density is n., the
flux of the bremsstrahlung emission can be written as

Fbrem (nea Rbrema Hbrema Tbremv d) =

R Tem 2
=(1- e_Tb”im)B(/\,Tbrem)w< b ) .

d

At last, we have the multi-temperature disk component (Fj;s1)*:

d

8/3
o ZiTwa) (1 / 2R )
3hv c? N

In this equation, © = hv/kT, where T is the debris disk temperature, which

2
Ry,
Fdisk (V7 T%ny Touta de7 Rwdv d) = 127‘(1/3 COS(i) <—d>

ranges from T,,; to T;, and T4 is the WD effective temperature. The model, as
well as the parameters for each flux component, are described thoroughly in Ref. 2.

3. Fitting 4U 0142461 SED

As the model parameters for each spectral region are not the same, we opted to fit
spectral regions separately. To fit the SED of 4U 0142+61, we use the data presented
in Figure 1. These data are dereddened and deabsorbed. We have used Markov
Chain Monte Carlo MCMC -4 to estimate the parameters and their uncertainties.
The results are shown in Table 1 and Figure 1. We consider a distance of 3.78 kpc?
and Ny = 6.4 x 10?! ecm™2.°

The fit quality of the hard X-rays increases for high bremsstrahlung tempera-
tures, which can only be achieved for near-Chandrasekhar white dwarfs. We adopt
a WD having mass of 1.41 My and radius of 1021 km3. This corresponds to a
bremsstrahlung temperature of 674.5 keV, which was considered as a fixed param-
eter.

After modelling the hard X-rays, we find the best fit for soft X-rays. The
bremsstrahlung component is also included in the fit of the soft X-ray SED. To be
consistent with the double peak in the soft X-rays light curve, we use two black-
bodies components, which can have different temperatures and radii.
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To fit the optical and infrared emission, we use the WD photosphere blackbody
and the debris disk. The high-energy components are included in the fit and the
tail of bremsstrahlung component from the post-shock region also contributes to
the optical emission as shown in Figure 1. The flux of the disk is given by Eq. (5).
We use the same values of R,,q derived from the bremsstrahlung fit.
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Fig. 1. Derreddened and deabsorbed SED of 4U 10142+61 along with the best fit. The continuous
black curve is the complete fit, the long-dashed curve is the disk component, the dot-dashed curve
is the WD photosphere, the two dotted curves are the hot spots components, and the short-dashed
curve is the bremsstrahlung component. The black crosses are the data in low-energies used to fit
the model and are from Spitzer (mid-infrared)3?, Gemini (near-infrared) ! and GTC (optical)??;
green crosses represent the soft X-ray data from Suzaku'l; the blue crosses are the INTEGRAL
data. Left-bottom panel: Zoom at the high-energy end. Right-bottom panel: Optical and infrared
region. The red data'5:16 is displayed for comparison.

4. Conclusions

We obtained a good fit for the entire SED of 4U 01424-61. The optical/infrared
emission of 4U 0142461 comes from the WD itself and from the debris disk with a
non-negligible contribution from the low-energy tail of the post-shock region. The
hard X-rays is emitted by the accretion column and the soft X-rays by two hot spots
in the WD photosphere.

The hard X-rays bremsstrahlung implies a near-Chandrasekhar WD, assumed
to have a mass of 1.41 M, and a radius of 1021 km. Moreover, from the opti-
cal/infrared emission, we obtain an WD effective temperature of 9.4 x 10* K. Those
radius and temperature point out to an young WD. The inner and outer disk tem-
peratures are 1991 K and 285 K.

In short, we were able to present a model that explains all the quiescent emission
of 4U 0142+61, as well as the observed spin-down. Such a WD can be understood
as the result of a recent merger of two less massive WDs.
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Table 1. Parameters of the fitting of 4U 0142461 in the accreting WD model.
Parameter Description Value
X-rays
FIXED PARAMETERS
d distance of 4U 0142+61 3.78 kpc
Ny columnar density of hydrogen 6.4 102! cm—2
Torem temperature of the emission
for the accretion column 674.5 keV
Mywp WD’s mass 1.41 Mg
Rwp WD’s radius 1,021 10° cm
FITTED PARAMETERS
M accretion rate 3.43 1017g s~ 1
Rprem radius of the hard X-ray emission 14.03 10° cm
Hprem height of the accretion column 1.27 10° cm
Ne electrons number density 2.05 1019 cm—3
Xirem/dof reduced chi square for the hard X-rays 0.85
Tspot1 temperature of the spot 1 0.632 + 0.033 keV
Rspot1 radius of the spot 1 2.3540.45 10° cm
Tspot2 temperature of the spot 2 0.337+0.012 keV
Rspot2 radius of the spot 2 13.8340.73 10° cm
x2/dof reduced chi square for the soft X-rays 1.06
Optical/Infrared
FITTED PARAMETERS
Twp WD’s effective temperature 9.447.3 10* K
Tin inner temperature of the debris disk 1,991+16 K
Tout outer temperature of the debris disk 285 4+ 200 K
Rin inner radius of the debris disk 2.35£0.03 R
Rout outer radius of the debris disk 317:%%7 R

Note. The fixed parameters were derived before the fit by independent meth-
ods. For the infrared/optical fit all the X-rays parameters are considered fixed,
therefore, R,q is not a fitted parameter for this range of energy. The lo
uncertainties for the last digit for the fitted parameters are in parenthesis.

Acknowledgments

2109

We acknowledge T. Enoto for kindly provide us with Suzaku soft X-ray data of 4U

0142+61.

The authors thank the grant #2013/26258-4, Sao Paulo Research Foundation
(FAPESP). CVR acknowledge CNPq (Proc. 303444/2018-5). JGC is likewise grate-
ful to the grant #2013/15088-0, Sao Paulo Research Foundation (FAPESP), and
CNPq (Proc. 421265/2018-3 and 305369/2018-0). MC acknowledges financial sup-
port under grant #2015/25972-0 from Sao Paulo Research Foundation (FAPESP).

References

1. Althaus, L. G., Cérsico, A. H., Isern, J., & Garcia-Berro, E. 2010, A&A Rev.,

18, 471.

2. Borges S. V., Rodrigues C. V., Coelho J. G., Malheiro M., Castro M., 2020,
Astrophysical Journal, 895, 26.



The Fifteenth Marcel Grossmann Meeting Downloaded from worl dscientific.com

by 2804:431:c7dd:b800:205c:67d4:8c8b:35ff on 12/16/22. Re-use and distribution is strictly not permitted, except for Open Access articles.

2110

10.
11.
12.

13.
14.

15.
16.
17.
18.
19.
20.
21.
22.

23.
24.
25.
26.
27.
28.
29.

30.

. Carvalho, G. A., Marinho, R. M., & Malheiro, M. 2018, GeneralRelativity and

Gravitation, 50, 38.
Chiang, E. I., & Goldreich, P. 1997, ApJ, 490, 368.
Coelho, J. G., & Malheiro, M. 2014, PASJ, 66, 14.

. Danilenko, A. A., Zyuzin, D. A., Shibanov, Y. A., & Zharikov, S. V. 2011,

MNRAS, 415, 867.

Debes, J. H., Hoard, D. W., Wachter, S., Leisawitz, D. T., & Cohen, M. 2011,
AplJS, 197, 38.

Duncan, R. C., & Thompson, C. 1992, ApJ Lett., 392, L9.

. Durant, M., & van Kerkwijk, M. H. 2006 ApJ, 650, 1082.

Durant, M., & van Kerkwijk, M. H. 2006 ApJ, 652, 576.

Enoto, T., Nakazawa, K., Makishima, K., et al. 2010, ApJ Lett.,722, L.162.
Ferrario, L., Vennes, S., Wickramasinghe, D. T., Bailey, J. A., & Christian,
D. J. 1997, MNRAS, 292, 205.

Girven, J., Brinkworth, C. S., Farihi, J., et al. 2012, ApJ, 749, 154.
Goodman, J., & Weare, J. 2010, Communications in Applied Mathematics and
Computational Science, Vol. 5, No. 1, p. 65-80, 2010, 5, 65.

Hulleman, F., van Kerkwijk, M. H., & Kulkarni, S. R. 2000, Nature, 408, 689.
Hulleman, F., van Kerkwijk, M. H., & Kulkarni, S. R. 2004, A&A, 416, 1037.
Hurley, J. R., & Shara, M. M. 2003, ApJ, 589, 179.

Lodders, K. 2003, ApJ, 591, 1220.

Kaplan, D. L., Chakrabarty, D., Wang, Z., & Wachter, S. 2009, ApJ, 700, 149.
Malheiro, M., Rueda, J. A., & Ruffini, R. 2012, PASJ, 64, 56.

Mewe, R., Lemen, J. R., & van den Oord, G. H. J. 1986, A&AS, 65, 511.
Munoz-Darias, T., de Ugarte Postigo, A., & Casares, J. 2016, MNRAS, 458,
L114.

Olausen, S. A., & Kaspi, V. M. 2014, ApJS, 212, 6.

Ouyed, R., Leahy, D.,& Niebergal, B. 2011, MNRAS, 415, 1590.

Rafikov, R. R., & Garmilla, J. A. 2012, ApJ, 760, 123.

Rueda, J. A., Boshkayev, K., Izzo, L., et al. 2013, ApJ Lett., 772, L24.
Sandberg, A., & Sollerman, J. 2009, A&A, 504, 525.

van Paradijs, J., Taam, R. E., & van den Heuvel, E. P. J. 1995, A&A, 299, L41.
Wang, W., Tong, H., & Guo, Y.-J. 2014, Research in Astronomy and Astro-
physics, 14, 673.

Wang, Z., Chakrabarty, D., & Kaplan, D. L. 2006, Nature, 440, 772.





