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ABSTRACT

We investigate the star formation history and the dust attenuation in the galaxy merger Mrk848. Thanks to the multiwavelength
photometry from the ultraviolet (UV) to the infrared (IR), and MaNGA’s integral field spectroscopy, we are able to study this merger
in a detailed way. We divide the whole merger into the core and tail regions, and fit both the optical spectrum and the multi-band
spectral energy distribution (SED) to models to obtain the star formation properties for each region respectively. We find that the color
excess of stars in the galaxy E (B — V)fED measured with the multi-band SED fitting is consistent with that estimated both from the
infrared excess (the ratio of IR to UV flux) and from the slope of the UV continuum. Furthermore, the reliability of the E(B —V)SEP is
examined with a set of mock SEDs, showing that the dust attenuation of the stars can be well constrained by the UV-to-IR broadband
SED fitting. The dust attenuation obtained from optical continuum E(B — V);** is only about half of E(B — V)SEP. The ratio of the
E(B—V){ to the E(B— V), obtained from the Balmer decrement is consistent with the local value (around 0.5). The difference
between the results from the UV-to-IR data and the optical data is consistent with the picture that younger stellar populations are
attenuated by an extra dust component from the birth clouds compared to older stellar populations which are only attenuated by the
diffuse dust. Both with the UV-to-IR SED fitting and the spectral fitting, we find that there is a starburst younger than 100 Myr in
one of the two core regions, consistent with the scenario that the interaction-induced gas inflow can enhance the star formation in the

—

center of galaxies.

1. Introduction

Galaxy mergers play an important role in the formation and evo-
lution of galaxies. Many studies have confirmed that the merg-
ing event is responsible for the elevated star formation activity in
* (ultra)luminous infrared galaxies (Sanders et al. 1988; Melnick
& Mirabel 1990), and the interaction between two galaxies can
enhance the star formation activity in these galaxies (e.g., Bar-
—] ton Gillespie et al. 2003; Sanchez & Gonzélez-Serrano 2003;
= = Alonso et al. 2004; Ellison et al. 2008; Xu et al. 2010; Zhang
= et al. 2010; Taniguchi et al. 2012; Yuan et al. 2012; Wild et al.
'>2 2014). However, the enhanced star formation rate (SFR) com-
pared to non-interacting galaxies and its dependence on merg-

ing stages are still quantitatively uncertain. Moreover, the spa-
tial extent of star formation in interacting galaxies is still under
debate. Some observational and theoretical studies have shown
that the star formation triggered in mergers is widespread in tidal
tails and bridges (e.g., Mirabel et al. 1998; Alonso-Herrero et al.
2000; Elmegreen et al. 2006; Renaud et al. 2014; Wild et al.
2014), whereas there are also works arguing that for most cases
the enhanced star formation is restricted to the central region of
the galaxy (Di Matteo et al. 2007; Schmidt et al. 2013; Moreno
et al. 2015). Besides the current SFR, the star formation history
(SFH) of a merger is also important for constraining the merging
stages and the effect of the interaction. However, estimating the
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SFH of galaxies suffers from several uncertainties. Especially,
due to the complication of the interaction, the SFH of mergers
is difficult to reconstruct (Pforr et al. 2012; Conroy 2013; Buat
et al. 2014; Boquien et al. 2014; Smith & Hayward 2015).

One of the uncertainties to determine the star formation prop-
erties is the dust attenuation. In the optical wavelengths, the dust
attenuation is degenerated with the stellar age. It is better esti-
mated when introducing ultraviolet-to-infrared multiwavelength
data, as the ultraviolet (UV) and infrared (IR) bands are more
sensitive to the dust properties. Methods that measure the dust
attenuation include (1) fitting the stellar populations and the dust
attenuation together for the spectra or the spectral energy distri-
bution (SED), (2) estimating from the IR to UV ratio (infrared
excess, IRX) and (3) calculating from the slope of the UV con-
tinuum (). All these methods can give the attenuation for the
stars in galaxies. When there are IR data, the dust attenuation
can be estimated more reliably since the IR data provide addi-
tional constraints on the dust emission.

If the optical spectra are available, the Balmer decrement can
also be used to derive the dust attenuation. The Balmer decre-
ment gives the attenuation for nebular emission, and then the
dust attenuation for stars is taken as a factor f of that for the
nebular emission. The classical value of f for galaxies is 0.44
(Calzetti et al. 2000). However, recent studies have shown that
the value can vary from 0.44 to 0.93 (e.g., Kashino et al. 2013;
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Kreckel et al. 2013; Price et al. 2014; Puglisi et al. 2016), indi-
cating that the dust attenuation for stars estimated from Balmer
decrement may be underestimated. The complexity of dust at-
tenuation in gas and stars suggests that the commonly used one-
component dust model in the stellar population synthesis may
not be suitable, and a more sophisticated model of dust should
be used. The two-component dust model proposed by Charlot
& Fall (2000) contains a dust component for the diffuse inter-
stellar medium (ISM) where old stars are located and a sec-
ond dust component with larger optical depth for birth clouds
where young stars are born. The age-dependent dust model has
already been adopted in several works (e.g., Brinchmann et al.
2004; Noll et al. 2009; Buat et al. 2011; Wild et al. 2011; Lo
Faro et al. 2017). The typical time scale for a birth cloud is
about 10 Myr (Blitz & Shu 1980; Charlot & Fall 2000). For nor-
mal galaxies, the stellar population younger than 10 Myr makes
up only a negligible fraction of the total mass, and therefore
the two-component dust model gives similar results to the one-
component dust model (Tojeiro et al. 2009). However, for more
complicated cases like starbursts/mergers, because the young
stellar population is not negligible, and the young stellar pop-
ulation may take longer to escape from the birth clouds (Silva
et al. 1998; Panuzzo et al. 2007), using the two-component dust
model might be necessary.

With the development of observational techniques, more and
more data with wavelength coverage from UV to IR are available
to constrain the star formation and dust attenuation properties in
galaxies at a spatially resolved level. Especially, the development
of the integral field unit (IFU) provides us with a large amount
of spatially resolved spectra in the optical band, which contains
much more information than either the photometry data or the
one dimensional spectra. Based on these data, some studies have
been done focusing on the star formation properties and the dust
attenuation in interacting galaxies (e.g., Rich et al. 2011; Wild
et al. 2014). However, a comparison between the results derived
from the optical IFU data and those from the photometric data
(UV to IR) has yet to be made. Also, previous studies only focus
on the distribution of the current SFR in interacting galaxies, but
few attempts have been made to study the SFH for interacting
galaxies.

We report the dust attenuation and the SFH of the core and
tail parts of the merger Mrk848 using both the IFU spectra and
the UV-to-IR photometry data. Due to its merger nature, Mrk848
has been extensively observed across multiwavelengths, includ-
ing photometric data from UV (GALEX) to IR (Spitzer). It has
also been observed by the SDSS-IV/MaNGA project (Mapping
Nearby Galaxies at APO, Bundy et al. 2015; Drory et al. 2015;
Law et al. 2015; Yan et al. 2016). The existence of both the pho-
tometric and IFU data of Mrk848 provides a unique opportu-
nity to derive spatially resolved dust attenuation and SFH using
different methods. Through the comparison of the results from
different methods, we attempt to decipher how the calculation
of the dust attenuation affects the estimation of the SFH, and
whether a two-component dust model is better for this case. The
derived SFH for the core and tail regions can also provide some
constraints on the spatial extent of the interaction-triggered star
formation and the time scale of the merging process.

In Section 2, we present the photometric and IFU data of
Mrk848. In Section 3, we compare the dust attenuation derived
from UV-to-IR photometric data and from the optical IFU data,
and discuss the possible physical mechanism for the different
results of these methods. In Section 4, we examine the SFH and
SFR obtained given different dust attenuation. We summarize
the work in Section 5.
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Fig. 1. Regions (cores: R3 and R4, tails: R1, R2, RS and R6) of Mrk848
used for analysis in this work, overplotted on the r band image of SDSS.
The radius of each region is 5”. This image is rotated north-up.

Table 1. Center coordinates of each region and the signal-to-noise ratio
(S/N) of the binned MaNGA spectra in each region.

Region Center RA  Center Dec S/N of MaNGA spectra

1 229.52836  42.738801

2 229.52906  42.741492 23.0
3 229.52636  42.743407 93.4
4 229.52556  42.746194 169.4
5 229.52285  42.748495 42.6
6 229.52015  42.746458 31.6

2. Data

Mrk848 is a major merger of two galaxies with stellar masses
log(M. /M) = 10.44 and 10.30 (Yang et al. 2007) in the nearby
universe (z = 0.041). Its morphologies, with obvious tidal tails,
indicate strong interaction between the two galaxies. In Figure
1, we divide Mrk848 into six regions according to its tail and
core features. The radius of each region is 5”, which is chosen
according to the size of the cores. The center coordinates of each
region are listed in Table 1. We analyze the star formation and
dust properties using the IFU and broadband SED data in each
region. For all the data, the Galactic extinction has been cor-
rected using the SFD map (Schlegel et al. 1998) and the Galactic
extinction curve of Cardelli et al. (1989).

2.1. MaNGA integral field data

MaNGA is an IFU program to survey 10,000 nearby galaxies
using the BOSS spectrographs (Smee et al. 2013) on the 2.5-
meter SDSS telescope (Gunn et al. 2006; Blanton et al. 2017).
The wavelength coverage of MaNGA spectra is from 3600 to
10,000 10\, with a spectral resolution R ~ 2000. The diameters
of MaNGA IFUs range from 12" to 32", composed of 19 to 127
fibers. The angular resolution (the FWHM of the fiber-convolved
PSF) of MaNGA data is about 2.5” (Yan et al. 2016). Mrk848
(MaNGA 12-193481) is selected as one of the commissioning
targets of MaNGA integral field spectra survey. It is observed by
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Fig. 2. Left panel: Coverage of MaNGA IFU bundle on Mrk848. Right
panel: S/N distribution of MaNGA spectra.

one of the largest IFU bundles with 127 fibers and a diameter of
~ 32", With this size, the IFU fully covers R3, R4, and R5, and
partially covers R2 and R6. R1 is not covered by the IFU. The
coverage of MaNGA IFU bundle is shown in Figure 2.

Figure 2 also shows the S/N of each spaxel. For each region,
the binned spectra are obtained by taking the average of all valid
spaxels in that region. The errors are added quadratically with
a modifying term accounting for the covariance. The S/N after
binning are shown in Table 1.

2.2. Multiwavelength photometric data

We analyze the UV to IR photometric data to obtain the panchro-
matic SED of each region. The observations, effective wave-
lengths, and resolution of the photometric data used in this work
are listed in Table 2. The UV data are taken from GALEX All
Imaging Survery (Martin et al. 2005), including the FUV image
at 1528 A and the NUV image at 2271 A. The resolution is typi-
cally 4.5/6.0 arcseconds (FWHM) for FUV/NUV band (Madore
2005). At optical wavelengths, we take SDSS images at u (~
3551 A), g (~ 4686 A), r (~ 6166 A), i (~ 7480 A), and z (~
8932 A) bands. The spatial resolution of the SDSS images is
about 1.5”. The values are estimated using the effective FWHM
of the PSF fitting by a double-Gaussian profile !. For the IR part,
Mrk848 has been observed by Spitzer (AOR key is 12318720).
The mean FWHM of the PSF for the Spitzer/IRAC is about 2
(Fazio et al. 2004; Aniano et al. 2011). The longest wavelength
used in this work is 8§ um from the IRAC observation. For even
longer wavelengths in IR, the two interacting galaxies can not
be spatially resolved. The images in these bands are shown in
Figure 3.

To obtain the UV-to-IR SED of each region, we calculate the
fluxes in each band within the radius of each region. We estimate
the background using an annulus 30” away from the center with
a width of 5”. The flux of each region is obtained by summing
up the fluxes for the pixels in each region with the background
subtracted. The SEDs obtained from the photometry are shown
in Figure 4.

Since the spatial resolution of these bands are inhomoge-
neous, to match the photometry in different bands, the images
of each band should be converted into the same resolution. Here
we use the GALEX NUV image (with the worst resolution, 6”)
as the reference.

The following steps are taken for these images:

1 http://www.sdss.org/drl12/imaging/images/#psf

Table 2. UV to IR images used in this work and their resolutions.

Observation ~ Wavelengths Resolution
GALEX FUV 1528 A 45"
GALEX NUV 2271 A 6.0"

SDSS u 3551 A ~1.5"
SDSS g 4686 A ~1.3"
SDSS r 6166 A ~1.3"
SDSS i 7480 A ~1.2"
SDSS z 8932 A ~12"
Spitzer IRAC1 3.6 um ~ 2"
Spitzer IRAC2 4.5 um ~ 2
Spitzer IRAC3 5.8 um ~ 2"
Spitzer IRAC4 8 um ~ 2

Fig. 3. Images of Mrk848 from GALEX, SDSS and Spitzer, respectively.
The size of each image is 1’ x 1’. All the images are rotated north-up.

1. Align all the images to WCS, and rescale the pixel size to
the GALEX NUYV pixel size (1.5”) while keeping the surface
brightness of the images unchanged.

2. Degrade all the images to the GALEX NUV point spread
function (PSF) using the large set of kernels presented by
Aniano et al. (2011).

Then we calculate the SED of each region again. The results
are overplotted in Figure 4. It appears that the difference caused
by the PSF in such a radius (5”) is small (the median difference
for each region is < 15%, Figure 4). Hereafter, we adopt the
SEDs derived from the PSF-convolved images.

As shown in Figure 4, the SED shapes of the core regions (R3
& R4) are apparently steeper than the tail regions. The infrared
emission is much brighter in core regions than in tail regions,
indicating that the core regions have more active star formation
and heavier dust extinction (active galactic nuclei (AGN) contri-
bution is negligible as we discuss in Section 3.6).

3. Dust attenuation in Mrk848

Since Mrk848 is very bright in the IR band (the total luminosity
in 8 — 1000 um Ltg > 10'2L.), it is expected to have high dust
attenuation. To explore the stellar populations in each region, we
first examine their dust attenuation properties. We begin with the
UV-to-IR broadband SED fitting. The long wavelength coverage
of data can constrain the thermal emission by dust. In combi-
nation with the UV-optical data, these data provide strong con-
stains on the dust attenuation. Then we compare the results with
the dust attenuation derived from the Ltjr /Lpyy ratio (infrared
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Fig. 4. SEDs of the six regions in Mrk848. Triangles show SEDs derived from the images with their original resolution. Squares show SEDs
derived from the images after degrading the resolution to 6” by convolving with the NUV PSF.

excess, IRX), the slope of the UV continuum (f3), the optical
continuum fitting and the Balmer decrement, respectively.

3.1. UV to IR broadband SED fitting

We use CIGALE (Code Investigating GALaxy Emission) to fit
the multiwavelength SED from UV to IR. CIGALE can fit the
UV to IR data simultaneously by balancing the dust absorption
in UV/optical bands and the dust emission in IR bands. This code
has been widely used in literature to derive the star formation and
dust attenuation in galaxies from the UV to IR multiwavelength
SEDs (e.g., Giovannoli et al. 2011; Buat et al. 2012). A detailed
description of the code can be found in Noll et al. (2009).

Here we describe the main features in our fitting. For the stel-
lar emission, we adopt the stellar population synthesis models
of Bruzual & Charlot (2003) (hereafter BC03) and the Salpeter
IMF (Salpeter 1955). We consider a two-exponentially decreas-
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ing SFH, that is, an older stellar population with an exponen-
tially decreasing SFH added with a younger stellar population
that indicates a later starburst. The ages and e-folding time of
the two components are free parameters. The later burst can be
used as an indication of the merging-induced star formation (e.g.,
Hernquist 1989; Torrey et al. 2012; Patton et al. 2013). The two
components are linked by the mass fraction of the burst fp,.
The metallicity is fixed to solar metallicity during the SED fit-
ting. Other metallicities have also been tested. The changes of
the results caused by the metallicity are not significant and do
not affect our conclusions.

The dust attenuation is modeled assuming the Calzetti ex-
tinction curve with E(B —V);, as a free parameter. A reduction
factor of the visual attenuation, fy, is applied to the stars older
than 10 Myr to account for the distributions of stars of different
ages (Charlot & Fall 2000; Panuzzo et al. 2007; Buat et al. 2012;
Lo Faro et al. 2017). Here we fix the value of fy to 0.5.
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Table 3. Parameters used in the SED fitting.

Parameter Value
Double exp. decreasing SFH
age (Gyr) 13
Timain (GYT) 5.0,7.0,9.0,11.0, 13.0
Sourst 0.0001, 0.0005, 0.001, 0.005, 0.01, 0.05, 0.1, 0.5

Aagepurst (Myf)
Thurst (Myf)

10, 50, 100, 200, 500, 800, 1000
500, 1000, 1500

Dust attenuation

E(B - V)young

0.1,0.2,0.3,0.4, 0.5, 0.6,

0.7,0.8,0.9,1.0
San 0.5
Dust templates: Dale et al. (2014)
a 0.5,1.0,1.25,1.5,2.0,2.25,2.5

Table 4. Color excess E(B — V), in each region derived from different
methods.

Method R1 R2 R3 R4 RS R6
SED fitting 0.114 0.207 0.415 0484 0.219  0.175
IRX 0.100 0.193 0374 0497 0.195 0.153
pPXEF fitting 0.106 0.242 0.258 0.0834 0.0913

To simultaneously fit the IR part of the data, the dust emis-
sion is modeled using the templates of Dale et al. (2014). The
templates are based on the star-forming-SED models modified
with a certain fraction of AGN contribution. Here we ignore
the contribution from AGN (See Section 3.6). The star-forming-
SED models are governed by the parameter o, which relates the
dust mass to the heating intensity. The parameter o is an ex-
ponent indicating the contribution of a series of "local" SEDs
representing the emission from dust exposed to a wide range of
heating intensities (Dale & Helou 2002). In general, active star
forming regions have a smaller value of « than quiescent re-
gions. The total energy emitted by dust is estimated to balance
the extincted energy from the stellar emission.

The main parameters and the input values for CIGALE are
reported in Table 3. CIGALE creates models according to these
input values and finds the best-fit model by x> minimization.
To probe a large parameter space while saving the computing
time, we adopt a similar approach with Buat et al. (2011). We
start with a wide range of input parameters, and then reduce it
by removing values never chosen during the x> minimization.
The output values are estimated by building the probability dis-
tribution function (PDF) and then taking the mean and standard
deviation of the PDF. We derive the color excess of the stars
E(B—V)3EP from Ap — Ay calculated from the SED fitting. It
is an effective E(B — V), taking account of both the old stellar
population and the young stellar population. The results of the
E(B—V)3EP for each region in Mrk848 are listed in Table 4.

We use mock data to test how well the fitting can constrain
the output parameters, with the method described by Giovannoli
et al. (2011) and Boquien et al. (2012). The mock photometry in
each region is created from the best-fit model of each region by
deviating the best-fit model flux with a random error ¢, which
follows Gaussian distribution with a standard deviation of 10%
flux. For each region, we generate 20 sets of mock SEDs. Then
we do the SED fitting for the mock SEDs with the same input pa-
rameters described above. The fitting results are compared with
the intrinsic values of the best-fit model (Fig. 5). For the dust
attenuation the mock results are scattered approximately around

our best-fit parameters (correlation coefficient » > 0.9), indicat-
ing that they are well constrained by the SED fitting.

3.2. Dust attenuation estimated from the UV/IR indicators

Although the fitting method is quite efficient at deriving several
physical parameters of galaxies at one time, it can bring uncer-
tainties caused by the degeneracy of parameters. It also depends
on the assumptions of the SFH and the dust extinction of the
young and the old stellar populations. To investigate the reli-
ability of the fitting method, we calculate the dust attenuation
directly using two indicators. First, we examine the Ltir /Lruv
ratio (infrared excess, IRX), where Ltir is the total infrared lu-
minosity in 8 — 1000 um, and the Lryy is the VL, calculated
in the FUV band. The IRX is widely recognized to be a robust
measurement of dust attenuation. The IR and the UV emission
together can provide good constraints on the dust attenuation
of galaxies. Here we adopt the formula derived by Buat et al.
(2005):

ARX [mag] = —0.0333x> 4+0.3522x% 4 1.1960x +0.4967, (1)
where
L
x=10g< TIR). 2)
Lruy

The IR luminosity Ltir is estimated using the 8 um flux. We
adopt the median value of the calibrations given by Wu et al.
(2005), Reddy et al. (2006), Bavouzet et al. (2008) and Nor-
don et al. (2012). The standard deviation of these calibrations
is taken as the uncertainty of the value. Assuming that the ex-
tinction obeys the Calzetti Law, the attenuation in the FUV band
is related to the color excess of the stars E(B —V)RX ag

Apuy = 10.23E(B—V)IRX, 3)

The results of E(B —V)RX are listed in Table 4. The com-
parison between the E(B — V), derived from the IRX and those
derived from the SED shows that they are in agreement with each
other (Fig. 6).

Another option to measure the dust attenuation is to use the
slope of the UV continuum. It is commonly used as a proxy to
estimate dust attenuation when the IR data are not available. Us-
ing the GALEX NUYV and FUV data, we can derive the slope 3
from the formula given by Kong et al. (2004):

_log [V —log f;Y
B= ANUV _ jFOV

“
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Fig. 5. Comparison of the values for six parameters of the best-fit models and their values estimated by CIGALE from the mock data based on the
best-fit models. The mock results of the dust attenuation, the stellar mass and the SFR are scattered approximately around the best-fit parameters
(correlation coefficient r > 0.9), indicating that they are well constrained by the SED fitting. The burst fraction fj,,,, and the burst age 5, are

weakly constrained.

where f"UV and f7VV are the NUV and FUV fluxes, respectively

(in ergs cm? s~ A_l).
Assuming the IRX-f relation given by Meurer et al. (1999),
B is related to Apyy as

AP =4.4341.998. )

Recent studies have shown that this relation has a large disper-
sion for different types of galaxies (e.g., Kong et al. 2004; Buat
et al. 2005; Burgarella et al. 2005; Cortese et al. 2006; Boissier
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et al. 2007; Boquien et al. 2012; Takeuchi et al. 2012). A blind
use of this relation will cause either underestimation or overes-
timation of the dust attenuation. Figure 7 shows the IRX-f3 rela-
tion for the six regions of Mrk848. The core regions (R3 and R4)
obey the relation derived from starbursts by Meurer et al. (1999),
while the IRX-f relation of the tail regions are more similar to
that of galaxies with more quiescent star formation activities.
If using Equation 5, the dust attenuation derived from the UV
slope will be larger than that derived from the IRX. However,
considering the variation of the IRX-f relation and using the
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Fig. 6. Comparison of the E(B — V), derived from the IRX with that
derived from the SED fitting (squares). The line indicates the 1:1 ratio.
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Fig. 7. IRX-f3 relation for the six regions of Mrk848 (squares with error
bars). The relations given by Meurer et al. (1999), Muioz-Mateos et al.
(2009), Boissier et al. (2007), Cortese et al. (2006) and Pettini et al.
(1998) are overplotted.

IRX-f relation given by Mufioz-Mateos et al. (2009), Boissier
et al. (2007), Cortese et al. (2006) or Pettini et al. (1998) for the
tail regions, the attenuation derived from f is consistent with that
derived from the IRX.

3.3. Dust attenuation estimated from fitting the optical
continuum

The dust attenuation of each region can also be obtained by fit-
ting the optical spectra using stellar population synthesis models.
We use pPXF (penalized Pixel-Fitting, Cappellari & Emsellem
2004; Cappellari 2017) where the maximum penalized likeli-
hood approach is adopted. We choose 96 single stellar popula-

0.8 T T
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Fig. 8. Comparison of the E(B — V) derived from the CIGALE SED
fitting and the pPXF optical spectral fitting. The solid line is the 1:1 line.
The dashed line shows the best-fit that E(B — V)P*°=0.5E(B — V)SED,

tion (SSP) models of BCO3 assuming a Salpeter IMF (Salpeter
1955), with metallicity [Z/H] ranging from -2.3 to 0.4, and ages
ranging from 10 Myr to 13 Gyr. To obtain the dust attenuation,
we assume the Calzetti extinction curve (Calzetti et al. 2000)
and allow pPXF to fit the stellar color excess E(B—V); as a
free parameter together with the kinematics and the weights of
each SSP component. The emission lines are masked during the
fitting.

The results of the color excess E(B — V)™ are listed in Ta-
ble 4. We find that the E(B — V)™ given by the pPXF optical
spectral fitting is a factor of 0.5 of the E(B — V)SEP given by the
UV-to-IR SED fitting (Fig. 8). This difference indicates that the
optical continuum cannot probe the heavily attenuated regions as
deep as the UV-to-IR data (See Sect. 3.5 for further discussion).

3.4. Dust attenuation derived from the Balmer decrement

With MaNGA spectra, we can obtain the dust attenuation from
the Balmer decrement, Ha/Hf. The fluxes of emission lines
can be derived from MaNGA spectra after removing the con-
tinuum by stellar population synthesis. Comparing the observed
ratio Ha,/HPB with the theoretical value of 2.86 obtained for the
Case B recombination, we can derive the extinction A(Ho) and
the nebular color excess E(B—V),:

25 (Hot/HB ) ops
(HpB) — k(Ha) % { 286 : } '

EB—V)=1 ©)

Assuming the reddening curve k(1) of Calzetti et al. (2000), the
value of k(Hf) —k(He) is 1.27.

The color excess of the nebular emission lines, E(B—V),,
is linked to that of the stellar continuum, E(B —V);, by a factor
fs E(B—V)s = fE(B—V),. The classical value of f derived
from local galaxies is 0.44 (Calzetti 1997; Wuyts et al. 2011).
The value was first derived by Calzetti (1997) by comparing the
UV slope to the E(B — V), derived from Ha for a sample of
starburst galaxies, and then widely used in literature. Wuyts et al.
(2011) investigated a larger sample with data from UV-to-IR,
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Fig. 9. Comparison of the E(B —V), derived from the Balmer decre-
ment with the E(B — V) derived from the SED fitting (squares) and the
spectral fitting (triangles). The dotted line indicates the 1:1 ratio. The
dashed line shows the local value (0.58) of E(B—V);/E(B—V)g given
by Pannella et al. (2015).

and confirmed that this value is valid when correcting the SFRyy
to SFR yvy+1r. Pannella et al. (2015) show that f should be 0.58
if the E(B — V), is derived from the Calzetti extinction curve
rather than the extinction curve of Fitzpatrick (1999). Works on
high-z galaxies give larger f values (e.g., Kashino et al. 2013;
Koyama et al. 2015; Puglisi et al. 2016).

In Fig. 9 we plot the E(B — V), of the regions of Mrk848 de-
rived from the SED fitting and the spectra fitting compared with
the E(B—V),. The SED fitting gives f ~ 1 while the spectral
fitting gives f ~ 0.5. The physical mechanism that may explain
the varying f factor is discussed in the following Section.

3.5. Physical interpretation

From the above analysis, we find that the stellar color excess
derived from the SED fitting E (B — V)SEP is larger than that de-
rived from the optical spectra fitting E(B — V)™, especially in
the core regions (R3 and R4). We used the mock data (Sect. 3.1)
and tested that the E(B — V)SEP are well constrained. We also
showed in Section 3.2 that the E(B — V)3EP is consistent with
that obtained using the IR/UV indicators. However, using the
E(B—V), given by the Balmer decrement, the results from
SEDs put E(B—V)$EP /E(B— V), to have a ratio of ~ 1, which
is inconsistent with the classical f value of 0.44 (or the local
value 0.58 given by Pannella et al. 2015). On the other hand, the
E(B—V){" to E(B— V), ratio is 0.5, consistent with the the
classical f value.

The difference among these results can be explained by the
two-component dust model (e.g., Calzetti et al. 1994; Charlot &
Fall 2000; Wild et al. 2011; Price et al. 2014), corresponding
to the similar implementation in our broadband SED fitting. As
illustrated in Charlot & Fall (2000), this model contains a dif-
fuse dust component in the interstellar medium (ISM) and a dust
component in the stellar birth clouds. The former affects both
the old diffuse stellar populations and the young stellar popu-
lations, whereas the latter affects only the young stellar popula-
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Fig. 10. Pictorial representation of the distribution of dust and stars in
Mrk848. The optical continuum observed is dominated by the diffuse
region outside of the birth cloud. The UV/IR continuum and the line
emissions are dominated by the star formation in the birth cloud that are
more opaque than the diffuse region. Therefore, the UV/IR continuum
and the line emissions are more attenuated than the optical continuum.

tions which are still embedded in the birth clouds. Since Mrk848
is a merger, the gas inflow into the center would lead to star-
bursts, making it necessary to consider the two-component dust
model. For galaxies with high specific SFRs (SFR/M.) as in our
case (see Table 5), both the emission lines and the UV-to-IR
continuum emission, which is dominated by the recently formed
stars in the birth cloud, are attenuated by both dust components.
Therefore, the attenuation of emission lines and that of the stars
dominating UV-to-IR SED would be similar.

In the framework of the two-component dust model, the
E(B— V) would be lower than E(B —V)SEP_ In the stellar
birth cloud, the optical radiation from both stars and gas will
mostly be absorbed by the dense cloud before escaping from the
galaxy. Therefore, what we observed in optical bands will be
dominated by the diffuse radiation from older stars in the dif-
fused regions outside of the birth clouds. In contrast, the UV and
IR SED detects emissions from more attenuated parts inside the
birth clouds. Therefore, the two quantities measure different dust
attenuation.

Wild et al. (2011) and Price et al. (2014) suggest that the
star to gas attenuation ratio is larger in higher SSFR galaxies,
in agreement with our interpretation above - that the UV-to-IR
SED detects dusty, high SSFR parts of Mrk848, whereas the op-
tical continuum is dominated by the emission in the diffuse, low
SSFR region.

It is interesting that the tail regions also show some discrep-
ancy between optical- and UV/IR-derived dust attenuation, im-
plying similar dust geometry in the tail regions. A possible ex-
planation is that there are channels in the tail regions from which
gas inflows to the center, and during the inflow path, the gas also
cools down and forms stars. Figure 10 illustrates the physical
picture described above. We note that the actual situation may
be more complicated than this simple picture (see Sect. 3.7).

3.6. Active galactic nuclei contribution

The X-ray observation of Mrk848 shows that it may encompass
an AGN (Brightman & Nandra 2011). We examine the emission
lines obtained from MaNGA spectra, and find that the equiva-
lent widths of the permitted emission lines (e.g., Hoe and HB) are
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Fig. 11. Left: BPT diagram of Mrk848. Right: spatial distribution of the AGN (red), composite (yellow), and star-forming (blue) regions.

less than 300kms~—!. Therefore, the embedded AGN is Seyfert-2
type. The BPT diagram (Baldwin et al. 1981) shows this system
is dominated by composite regions (Fig. 11), implying that the
AGN contribution to emission lines is not significant. The con-
tribution to the continuum should be even less. We also examine
the AGN contribution using the SED fitting with CIGALE. We
adopt the AGN models of Dale et al. (2014) and introduce the
parameter ‘AGN fraction’ in fitting. It turns out that in each re-
gion, the AGN fraction to the SED is less than 10%. Therefore,
the existence of AGN does not affect our results.

3.7. Influence of the extinction law

In Section 3.5, we interpreted the different values of the E(B —
V)P, E(B—V)SEP and E(B — V), as the results of a geomet-
rical effect that the young and old stellar populations may suffer
from different dust attenuation because of their different spatial
distribution. In reality, the situation may be more complicated.

The derived color excess depends on the extinction law. For
simplicity and considering the starburst nature of Mrk848, we
adopted the dust extinction curve of Calzetti et al. (2000) in the
above study. Here we test the influence of different extinction
curves using the CCM extinction curve of Cardelli et al. (1989),
and varying the R{, in Calzetti Law from 3.1 to 5.0. We find that
the conclusion is not affected by the different implementation of
extinction. The variation of the extinction curve is very compli-
cated and beyond the scope of this work. Here the Calzetti ex-
tinction curve is a good approximation considering the starburst
nature of Mrk848.

4. Star formation in Mrk848
4.1. Star formation history

Measuring the SFH of a galaxy from its observed SEDs is
not trivial in practice. The best approach to providing unbi-
ased results might be to model the SEDs with non-parametric
SFHs (Conroy 2013). However, the non-parametric SFH-
reconstruction method requires not only data of very high qual-
ity, but also a good understanding of the dust attenuation.

In this work, the pPXF code was used to reconstruct the non-
parametric SFHs. We used two different methods to treat the

dust. First, we let the attenuation be a free parameter and let
the pPXF fit the spectra, as described in Section 3.3. Second, we
corrected the dust attenuation of the spectra using the E(B— V),
values obtained from the SED fitting in Section 3.1 and then
conducted the spectral fitting. The resulting SFHs are shown in
Figure 12.

The pPXF fitting with E(B —V); as a free parameter gives
a large fraction of older stellar populations and a very low frac-
tion of stellar populations younger than 500 Myr. In contrast,
the fitting of the corrected spectra results in a very high fraction
of young stellar populations and an extremely low fraction of
stellar populations older than 1 Gyr. Neither of the two methods
seem reliable considering that the observed high fluxes both in
UV/FIR and in NIR imply that these regions should have consid-
erable fractions of both young and old stellar populations. There-
fore, the former method underestimates the fraction of the young
stellar populations, whereas the latter overcorrects the dust atten-
uation and underestimates the fraction of the old stellar popula-
tions.

According to the two-component dust model, the attenuation
of the old stellar populations and the young stellar populations
should be treated differently. The young stellar populations are
more attenuated by dust than the old stellar populations. There-
fore, because the above two methods considered only one dust
component which gives the effective dust attenuation, over the
whole region they overcorrect the dust attenuation of the old
stellar populations, and undercorrect that of young stellar pop-
ulations.

We then attempt to conduct the spectra fitting by adopting the
two-component dust model. We assume that the stellar popula-
tions younger than 7y years old are more attenuated than the older
stellar populations, and that E(B —V )y, is two times as great
as E(B—V),y. Letting #p change from 10 Myr to 50 Myr and
E(B—V),q from 0.05 to 0.3, we search for the solution with the
minimal x2. The resulting SFHs (open histograms in Figure 12))
show both the burst populations and the old stellar populations,
consistent with the picture implied by the high fluxes in both
UV/IR and NIR. This is more reasonable than the results given
by the one-component dust model, where only a young or old
population exists.
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Fig. 12. Stellar populations of each region derived from pPXF, normalized to the total mass of each region, as a function of stellar ages. The black
histograms show the results from pPXF fitting with E(B — V), as a free parameter. The gray histograms are derived from pPXF fitting of the
spectra using the E(B — V), from the SED fitting. The red open histograms show the results given by using the two-component dust model.

The SFHs can also be obtained from the SED fitting by
CIGALE. Since we adopt the assumption of an SFH with two
exponentially decreasing components for each region, the age
of the burst ty,, the duration of the burst Ty,.¢ and the mass
fraction of the burst fyyus are used to constrain the young stel-
lar population, and the old stellar population is constrained by
the parameter Tp,,i,, indicating the time scale of the star forma-
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tion (see Sect. 3.1). Table 5 presents the SFH parameters derived
from the SED fitting.

The UV-to-IR SED fitting provides good constraints on the
dust attenuation of each region. However, since the SED fitting
assumes an analytical SFH, the real SFH, which may be quite
complicated and highly stochastic, cannot be well reconstructed.
Some studies have shown that it is difficult to disentangle the
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Table 5. Results of star formation history from broadband SED fitting.

Two exponentially-decreasing SFH

Region f burst Thurst Thurst Timain SFR IOgM *
[Myr]  [Myr]  [Myr]  [Moyr '] [Mo]
R1 0.06 408.5 1032.5 9858.2 1.08 9.78
R2 030 751.1 869.1 9512.5 1.14 9.70
R3 0.34 5448 1118.2 9082.9 11.35 10.28
R4 0.26  96.0 975.9  9030.3 76.45 10.45
R5 0.37 707.5 9659 91959 1.41 9.53
R6 020 617.0 9659 94454 1.20 9.63

different scenarios of the SFH because of the degeneracy of the
fits (e.g. Pforr et al. 2012; Conroy 2013; Buat et al. 2014, 2015;
Fernandez et al. 2015, and references therein). A recent work
by Smith & Hayward (2015) showed that SFHs of isolated disk
galaxies can be recovered well using the Bayesian approach.
However, they failed to recover the SFH of mergers because the
star formation in interacting galaxies is much more complicated
than in isolated disks. Our mock analysis in Section 3.1 (Fig-
ure 5) shows that the stellar mass and the SFR are well con-
strained by the SED fitting. However, the parameters of the SFH
such as fpyrs and 4, are weakly constrained.

Comparing the SFHs derived from the spectral fitting and
the SED fitting is not straightforward, because the spectral fit-
ting gives non-parametric and discrete SFHs while the SED fit-
ting gives parametric and continuous SFHs. Qualitatively, we
find that the star formation histories derived from the SED fitting
are consistent with the spectral fitting using the two-component
dust model. Both methods indicate that a significant fraction
(~15%) of masses are contributed by stellar populations less
than 500 Myr. This recent star formation may be triggered by
the galaxy interaction. Both methods show that there is very re-
cent star formation (~100 Myr) in one of the core regions (R4).
Instead the tail regions do not show a significant fraction of stel-
lar populations younger than 100 Myr, but contain more stellar
populations with ages of 500 Myr to 1 Gyr. The results may also
indicate that the tail regions experience merger induced starburst
earlier than the core regions, which is consistent with the sce-
nario mentioned in Section 3.5 that the gas inflows from the tails
to the center and cools down along the path.

4.2. Star formation rate

Next, we compare the SFRs obtained with the two methods.
Here we take the SFR averaged in the recent 100 Myr. Fig-
ure 13 shows the comparison of the SFRs derived from the UV-
to-IR SED fitting, the optical continuum stellar population fitting
and the Hor fluxes. If all comparing to the SFR estimated from
the UV-to-IR SED method, the results from the optical contin-
uum fitting (open diamonds) with E(B —V) as a free parame-
ter underestimate the SFR by ~ 1 dex. The consistency is im-
proved when the two-component dust model is applied (filled
diamonds). However, the SFRs are still underestimated, espe-
cially for the R4 region, which has a very high SFR, implying
that the SFRs in active star-forming regions are not well con-
strained by the optical continuum data only. A better consistency
is obtained when the E (B — V') information from UV-to-IR is in-
troduced in the optical continuum fitting (open circles). We also
calculate the SFRs using the dust corrected Ha emission. We
corrected the Ho luminosity using both the Balmer decrement
and the 8 um data with the relation provided in Kennicutt et al.
(2009) and Kennicutt & Evans (2012). Both corrections show
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Fig. 13. Comparison of the SFRs derived from the UV-to-IR SED fit-
ting (filled squares), the dust corrected Ho fluxes (filled triangles), the
optical continuum stellar population fitting using the two-component
dust model (filled diamonds), the optical continuum stellar population
fitting with E(B — V) as a free parameter (open diamonds), and the op-
tical continuum stellar population fitting with £(B — V) from UV-to-IR
data (open circles).

similar results. Figure 13 shows that the dust corrected Ho de-
rived SFRs (corrected using the 8 um data) are lower than the
UV-to-IR SED derived SFRs. If we consider that part of the Ho
could be contributed by the shock excitation (Rich et al. 2011,
2015), the SFRs derived from Ha should be even lower. The
discrepancy is partly due to that the IFU data do not fully cover
every region. Some pixels are missed because of the limited size
of the IFU and/or the bad data quality. We scale the average value
of the observed pixels to the whole region when calculating the
SFRs, which may account for part of the differences from the
UV-to-IR SED results that are derived from the data with full
coverage of Mrk848. Also, the wavelength coverage in our SED
fitting is limited to 8 um, which may produce large scatters in
the estimated SFRs (Calzetti et al. 2007). Apart from these un-
certainties, the lower SFR derived from the dust corrected Hex
is consistent with the two-component dust model with a large
covering factor of the birth clouds (Wild et al. 2011).

5. Summary

The plentiful data compiled both from the UV-to-IR multiwave-
length photometry and from the MaNGA IFU spectroscopy en-
able us to study the galaxy merger Mrk848 in terms of the spa-
tially resolved star formation properties. We divide the merger
into six regions, among which two regions belong to the core
area where the star formation is very intense and others belong
to the tail area. In each region, we use the UV-to-IR SED and the
IFU spectrum respectively to analyze the dust attenuation and
the star formation of the merger.

The dust attenuation of stars derived from the UV-to-IR SED
E(B—V)SEP is consistent with that estimated from the UV/IR
indicators, including the infrared excess (IRX) and the UV slope
(B). Furthermore, we test the reliability of the E(B —V)SEP with
a set of mock SEDs generated by deviating the best-fit model
SEDs, showing that the dust attenuation of the continuum can be
well constrained by the UV-to-IR broadband SED fitting.
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However, the dust attenuation of stars derived from the op-
tical spectral fitting E(B — V)" is smaller than that from the
multi-band SED fitting. When compared to the E(B — V), ob-

tained from the Balmer decrement, the ratio of the E(B — V)"

to the E(B —V), is 0.5, consistent with the local value, while

the E(B—V)SEP/E(B V), is ~ 1. The difference between the
results from the UV-to-IR data and the optical data can be ex-
plained by the model with two-component dust, in which the
younger stellar populations are embedded in the birth clouds and
thus are attenuated by both the dust from the surrounding birth
clouds and the dust from the ISM, whereas the older stellar pop-
ulations are only attenuated by the diffuse dust.

When adopting the two-component dust model in the spec-
tral fitting, the resulting SFH become qualitatively consistent
with that from the multi-band SED fitting. It might be a cau-
tion that the simple one-component dust model is not applicable
for the mergers which are more complicated in the distribution
and the properties of the dust, and that the two-component dust
model is necessary to reconstruct the SFH of the galaxy merger.

By investigating the SFH of the core and tail regions in
Mrk848, we find that both the spectral fitting and the SED fit-
ting methods indicate very recent starburst (~ 100 Myr) in core
regions, especially in region 4 which has the most intense star
formation. The tail regions also show certain sign of recent star-
burst, but the burst seems to have happened earlier (~ 500 Myr)
than in the core regions. The high SFRs in the core regions are
consistent with the interaction induced starburst.

Our results imply that, it is a non-trivial task to break the de-
generacy between the stellar population and dust attenuation for
the merging galaxy. Information from multiwavelength observa-
tions from the UV to the IR is necessary to constrain the dust
attenuation and to reconstruct the SFH.
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Fig. A.1. Spectra (black lines), best-fit models, (red lines) and residuals (green dots) of pPXF fitting for the different regions in Mrk848 with the
E(B—V) as a free parameter. The yellow vertical lines show the masked emission line regions.

Appendix A: Spectral fitting with pPXF for regions in Mrk848

We present the best-fit models and the residuals of the optical spectral fitting with pPXF. Figure A.1 shows the results assuming
one-component dust and fitting the E(B — V) as a free parameter. Figure A.2 shows the results assuming one-component dust and
adopting the E(B — V) from UV-to-IR SED fitting. Figure A.3 shows the fitting results assuming the two-component dust model.
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Fig. A.2. Spectra, best-fit models, and residuals of pPXF fitting for the different regions in Mrk848 with the E(B — V) derived from the UV-to-IR

data. Symbols are the same as in Figure A.1.
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Fig. A.3. Spectra, best-fit models, and residuals of pPXF fitting for the different regions in Mrk848 with the two-component dust model, assuming
that the stellar populations less than 7y Myr are attenuated twice of the stellar populations older than #g Myr. Symbols are the same as in Figure
Al
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