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ABSTRACT

Using the PMAS Integral Field Unit on the Calar Alto 3.5 m telescope, we observed the southern component (Markarian 59)
of the ‘cometary’ starburst galaxy NGC 4861. Mrk 59 is centred on a giant nebula and concentration of stars 1 kpc in diameter.
Strong H o emission points to a star-formation rate (SFR) at least 0.47 M, yr~!. Mrk 59 has a very high [O 111] A5007 /H B ratio,
reaching 7.35 in the central nebula, with a second peak at a star-forming hotspot further north. Fast outflows are not detected but
nebular motion and galaxy rotation produce relative velocities up to 40 kms~!. Spectral analysis of different regions with ‘Fitting
Analysis using Differential evolution Optimization’ (FADO) finds that the stars in the central and ‘spur’ nebulae are very young,
< 125 Myr with a large < 10 Myr contribution. Older stars (~ 1 Gyr) make up the northern disk component, while the other
regions show mixtures of 1 Gyr age with very young stars. This and the high specific SFR ~ 3.5 Gyr~! imply a bimodal star
formation history, with Mrk 59 formed in ongoing starbursts fuelled by a huge gas inflow, turning the galaxy into an asymmetric
‘green pea’ or blue compact dwarf. We map the He 11 A4686 emission, and identify a broad component from the central nebula,
consistent with the emission of ~300 Wolf—Rayet stars. About a third of the He 1 A4686 flux is a narrow line emitted from a

more extended area covering the central and spur nebulae, and may have a different origin.
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1 INTRODUCTION

The galaxy NGC 4861 was listed in the Arp Atlas of Peculiar
Galaxies (Arp 1966) as number 266, in the category of a ‘galaxy
with irregular clumps’, and was noted to have a ‘bright knot at S
end’. Wakamatsu et al. (1979) described the galaxy as ‘resembling
the shape of a comet’. The cometary ‘head’, at the southern end of
NGC 4861 has a much higher surface brightness than the rest of the
galaxy (a relatively faint ‘tail’), and has been separately catalogued
as Markarian 59 (Mrk 59). Wakamatsu et al. (1979) performed
spectroscopy of Mrk 59 and found it to be centred on a giant H1I
region, a nebula undergoing intense star-formation, as evident from
its very strong emission lines, especially Ho and [Omr]A5007 for
which they estimated equivalent widths (EWs) > 1000 A. They also
noted the galaxy lacked close neighbours and so its burst of star-
formation might not have been triggered by an interaction.
High-resolution spectroscopy of the HIl region (Dinerstein &
Shields 1986) gave a redshift z = 0.0027 and revealed a fainter
emission line of ionized helium, He11A4686, associated with a
‘bump’ in the continuum. This is the signature of Wolf-Rayet (WR)
stars, which are very hot, massive and short-lived objects — their
presence in a galaxy indicates that a significant fraction of the stars
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formed in the past few Myr. Conti (1991) therefore included NGC
4861 in a catalog of “Wolf—Rayet galaxies’, where the criterion was
the detection of a broad He 11 A 4686 emission feature (with full width
at half-maximum, FWHM > 10A), as emitted directly from WR
stars.

Dottori et al. (1994) performed CCD imaging of NGC 4861 in
narrow and broad-bands, and found, in addition to the giant HIl
region, a chain of much smaller Ho emitting ‘hotspots’ extending
northwards along the low surface brightness ‘tail’. Barth et al.
(1994) used this data to map the galaxy in detail, listing 28 line-
emitting regions. They found very high [O11]A5007 /H B (excitation)
ratios at the giant nebula (reaching >6), which tended to decrease
with distance from it (northwards). They suggested this was related
to a stellar age gradient, with star-formation having propagated
southwards along the chain of hotspots to reach the giant nebula,
at hundreds of km s~!. Schaerer, Contini & Pindao (1999) included
NGC 4861 in a new catalogue of WR galaxies with broad He1l
emission.

Noeske et al. (2000) described the galaxy as a prototypical
‘Cometary Blue Compact Dwarf’, and performed deep long-slit
spectroscopy. Comparing with spectral synthesis models they con-
cluded the starbursting giant nebula contains mostly very young
(~4 Myr) stars while the remainder of the galaxy is a mixture
of young stars (~10-25Myr) and an underlying older population
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of age ~2 Gyr. At the centre of the giant nebula they estimate a
metallicity 12 + log(O/H) ~ 8.0, and detect both WR features and
narrow (nebular) He 1 24686 emission.

Thuan, Hibbard & Lévrier (2004) performed H 1 observations with
the Very Large Array (VLA). They found the main body of NGC 4861
tobe an almost edge-on (82°) disc galaxy undergoing regular rotation,
approaching at the southern end, with a maximum rotation velocity
52-54kms~!. The giant nebula, at the south, is also approaching.
However, while the disk shows a near linear rotation curve over its
extent, the Mrk 59 component has a more uniform radial velocity,
with a discontinuity of ~—20 km s~! from the southern edge of the
disc. The total HI mass of NGC 4861 is estimated as 1.1 x 10° M.

Fernandes et al. (2004) examined the optical spectra of WR
galaxies, including NGC 4861, which they estimated to contain
586 £ 280 WR stars, mostly of type WNL (522), again with a best-
fitting starburst age of 4.0 Myr. van Eymeren et al. (2007) performed
Echelle spectroscopy in Ho with several N=S slit positions, and find
‘ionized shells and filaments’, with a blueshifted region (SGS4ypy,e)
west of the giant nebula, which could be ‘part of an expanding
shell’, and a slightly redshifted ‘outflow’ region about 40 arcsec
north of the nebula. van Eymeren et al. (2009), with Fabry-Perot H o
combined with H1 data, saw galaxy rotation with a radial velocity
46 km s~! plus evidence for outflows with both blueshift and redshift
components. Two are near to and north and south of the giant H1r
region and may be part of ‘supergiant shell’ SGS4. However the
velocities measured for outflows (~30kms~!) are insufficient for
the gas to escape from the galaxy.

Karthick et al. (2014) examined NGC 4861 as part of a study of
WR galaxies. They estimated the metallicity as 12 + log(O/H) =
7.95 £ 0.05, the age of the main starburst as 4.6 Myr and the star-
formation rate (SFR) as 0.48 £ 0.04 My yr~!. They depict its WR
‘blue bump’ as mildly broadened He 1114686 forming a group of
four emission lines with [Fe 111]14658 and [ArIV]AA4711, 4740. By
fitting narrow and broad Gaussians they separate narrow and broad
components of Hell, and estimate the total number of WR stars,
dividing into two types as WNL = 225 + 35, WCE = 67 % 30.

We also make comparisons with the extreme starburst galaxies
known as ‘Green Peas’ (Cardamone et al. 2009). Most examples
are more massive and distant than NGC 4861 but have similar
spectra: Ha and [O111] A5007 equivalent widths (EWs) of several
hundreds of Angstroms, high [O111] A5007/HS ratios (>5) and low
metallicity. They have very high specific Star Formation Rates
(sSFRs) of 1-100 Gyr~! (Izotov, Guseva & Thuan 2011) but little or
no AGN contribution. They may show spectral signatures of WR stars
(Amorin et al. 2012), and strong emission in Lyman « and shorter
UV wavelengths, resembling formative galaxies at z > 3 (Henry
et al. 2015; Izotov et al. 2021). Green Peas may also contain older
(>1 Gyr) stellar populations but these can be difficult to distinguish
from diffuse nebular continuum which can make up > 10 per cent of
their flux (Clarke et al. 2021; Ferndndez et al. 2022). Mrk 59/NGC
4861, along with the cometary Blue Compact Dwarf Mrk 71/NGC
2366 (Micheva et al. 2017), are considered the nearest green pea
‘analogues’. On account of their small mass and low redshift both
might also go in to the class of ‘blueberry’ dwarf starbursts (Liu et al.
2022).

All three areas, of star-formation history, kinematics, and the
HeI/WR emission, can be investigated with more detail with
the 2D spatial as well as spectral resolution provided by integral
field spectroscopy (IFS). In this study of NGC 4861/Mrk 59, we
perform IFS at optical wavelengths with the Potsdam Multi Aperture
Spectrophotometer (PMAS-PPAK) on Calar Alto, the same set-up
as in the Calar Alto Legacy Integral Field Area (CALIFA) survey of

Table 1. Some quantities (J2000, from IPAC NED and used in this paper)
for Markarian 59, aka the southern component of NGC 4861.

Name Markarian 59
Names for whole system NGC 4861, Arp 266
UGC 08098
RA 12:59:00.3
Dec. + 34:50:43
Spectroscopic Redshift 0.00264
Recession velocity 792km s~ !
Distance (adopted) 15.9 Mpc

Scale 77 pe arcsec™!

Distance modulus 31.01 mag

hundreds of nearby galaxies (e.g. Sdnchez et al. 2012; Garcia-Benito
et al. 2015). We also make use of Hubble Space Telescope data and
spectral synthesis models to fit the spectra.

From IPAC NED (ned.ipac.caltech.edu), the J2000 coordinates of
NGC 4861 (the disc galaxy centre) are RA 12h59m02.34s and Dec.
+34951™34.0%, and the heliocentric recession velocity is 835 kms~!
with redshift z = 0.00279, while the velocity relative to the CMB
3K background is given as 1079 kms~!, which would correspond to
z =0.003599 or 15.9 Mpc.

For the southern (giant nebula) component Markarian 59, NED
lists coordinates RA 12"59™00.288%, +34950m42.47% (57 arcsec
from the NGC 4861 centre on position angle 206°), and a heliocentric
velocity slightly lower at 792 kms~! (z = 0.00264), with the velocity
relative to the CMB 3 K background likewise reduced to 1036 km
s~!. This difference in radial velocity is due to the rotation of NGC
4861 and is consistent with the rotation curve measured in HT (van
Eymeren et al. 2007).

We adopt here the ‘cosmology corrected’ distance for the centre of
the NGC 4861 disc, 15.9(£1.1) Mpc, in setting a distance modulus
31.01 mag and angular scale 77 parsec arcsec™' (again from NED,
which assumed Hy = 67.8 km s~'Mpc~!, @, = 0.308, 2, = 0.692)
in the subsequent analysis (Table 1). Mrk 59 is listed in the Sloan
Digital Sky Survey with magnitudes (g,7.i,z) = (13.88, 14.16, 14.90,
14.94) giving M, = —17.13 and extremely blue colours.

This paper is organised as follows: in section 2 we describe the
observational data, in section 3 the present-day appearance and
activity of the galaxy, in section 4 the kinematics map from radial
velocities, in section 5 we attempt to reconstruct the star-formation
history of different regions, section 6 focusses on the Helium II
emission line and finally section 7 is a summary and discussion.

2 OBSERVATIONS

2.1 PMAS integral field unit data

Galaxy NGC 4861 was observed using the PMAS integral field unit
on the 3.5m aperture telescope at Calar Alto, Spain (Roth et al. 2005).
As in the CALIFA survey, PMAS was operated with the fibre bundle
PPAK to give a larger (>1 arcmin) field-of-view. Our principal data
set for this paper is a data cube centred on the southern part of galaxy
NGC 4861, a few arcsec north of the giant nebula. The field of view
covers the southern (Mrk 59) component and only a fractional (but
still useful) part of the disc galaxy to the north. Our observations
taken on 9 March 2019 followed the standard CALIFA set-up with
three dithered exposures of 600 s, totalling 1800 s on target. Airmass
was 1.08 to 1.17. Sky exposures (3 x 100s) were obtained nearby
and immediately afterwards. Standard star BD + 33d2642 was used
for spectrophotometric calibration.
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The PPAK unit contains 331 densely packed optical fibres arranged
in a hexagonal area of 74 x 65 arcsec, to sample an astronomical
object at 2.7 arcsec per fibre, with a filling factor of 65 percent
due to gaps in between the fibres. Our observations used the V500
grating and covered A = 3750-7500 A with a spectral resolution
of 6.0A (FWHM) and dispersion 2A pixel~!. The data were
corrected for Galactic dust extinction of Ay = 0.029 mag (from
IPAC NED; Schlafly & Finkbeiner 2011) and flux calibrated in units
of 10719 ergecm™2s~!. Our data cubes are in the format of 1 arcsec
spatial pixels (spaxels) arranged in a 78 x 73 image, While this
makes up 5694 pixels, the approximately hexagonal area observed
by PPAK only covers 4078 of these.

2.2 HST imaging data

We also examine two Hubble Space Telescope (HST) images of NGC
4861, downloaded from the MAST public archive (mast.stsci.edu),
for much higher spatial resolution views of the stellar and nebular
components. These were taken with Wide Field Camera 3 in the
broad I-band F814W, and in the narrow band F680N (FWHM
150.8 A) which contains the H « line. The first has the Observation
ID hst_12497_02_wfc3_uvis_f8§14w_ibse02 and the second the ID
hst_12497_02_wfc3_uvis_f658n_ibse02 (both are from the proposal
12497 of Sungryong Hong).

2.3 Data processing

Beginning with the calibrated xyA PMAS data cube, a processed
data cube was then generated with all the spectra de-redshifted and
rebinned in 1 A pixels. The radial velocity of each spaxel relative to
the systematic recession velocity of 790 km s~! was measured from
strong emission lines. The spaxels in outer low surface-brightness
regions were binned into larger areas using a Voronoi tesselation to
give a more useful signal/noise ratio, while over the higher surface
brightness body of the galaxy, the data are kept in the original
1 arcsec? spaxels. This moderate binning reduced the number of
different spectra in the processed data cube from 4078 to 1312.

The next step was the fitting of composite stellar populations to
the spectra in each of these 1312 spaxels (or multispaxel regions).
Then, (i) to fit Gaussian profiles to the emission lines (with stellar
fit subtracted, so they are corrected for the underlying stellar
absorption, which can be a few A EW for the Balmer lines),
and from this map emission-line fluxes, which show the present-
day activity in the galaxy, (ii) from the model fits to the stellar
continua, reconstruct a star-formation history for each spaxel. The
two packages we employed in this are Porto-3D, which incorporates
Starlight (Cid Fernandes et al. 2013), as used in Roche et al. (2015)
and many other CALIFA survey papers, and the ‘Fitting Analysis
using Differential evolution Optimisation’ (FADO) more recently
developed in Portugal (Gomes & Papaderos 2017). Both produce
an output data cube where the layers are a series of 2D maps of
the galaxy, depicting the flux per pixel in He and other lines, the
spatially resolved radial velocity (from emission lines), the model-fit
mean stellar age and metallicity (weighted by luminosity or mass)
and other quantities.

Both packages were run using the same set of 236 single stellar
populations from Bruzual & Charlot (2003) for a Chabrier (2003)
Initial Mass Function and based on Padova (1994) stellar evolution
tracks. These included 59 ages (1 Myr to 13.5 Gyr) for 4 metallicities
(1/50, 1/5, 1/2.5, 1.0 Zy). Both fit the stellar continuum well and
give closely similar measurements of line fluxes, kinematics etc., but
might differ in the reconstructed star-formation history. FADO has
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Figure 1. HST WFC3 image centred on Mrk 59 (the southern component
of NGC 4861), in broad I-band (F814W), showing the 78 x 73 arcsec
area corresponding to our PMAS observation, with co-ordinates from HST
astrometry. North is up, East is left.

the advantage of including nebular continuum in a self-consistent
way, and there is evidence it is more accurate than Starlight for
young and high sSFR galaxies (Cardoso, Gomes & Papaderos 2019;
Pappalardo et al. 2021; Breda et al. 2022), so it is used primarily for
the results presented here.

3 MORPHOLOGY, EMISSION LINES AND
ONGOING STAR-FORMATION

Firstly we show (Fig. 1), from the HST WFC3 image of NGC 4861
in F814W (broad I-band), a cutout region 78 x 73 arcsec which
corresponds to the area of our data cube. The cometary head is seen
as a huge cluster, some 12 arcsec (934 pc) in diameter, with a very
high density of stars, near spheroidal but with three fainter ‘prongs’
extending to the NE, N and NW. This is the nucleus of the southern
component, Mrk 59. The centre of the NGC 4861 disk lies 1 arcmin
to its NNE and is outside of our field-of-view.

Fig. 2 shows the corresponding image in narrowband F658N,
which includes the redshifted Ho. Although not continuum-
subtracted, for this galaxy (where the He EW is hundreds of A
and [N1I1] 26584 is much weaker) it is mostly Ho emission, from
nebulae rather than directly from stars. It gives a different view
of the cometary head as a spectacular giant nebula at least 1 kpc
in diameter, with a complex structure containing bright knots, and
surrounded by fainter shells and filaments over half the field-of-view,
tracing the entirety of the Mrk 59 component. Further north there is
a gap, and beyond this more star-forming regions in the disk of NGC
4861.

Adjacent to the central nebula there is a second region of bright
extended nebulosity coinciding with the NE of the 3 stellar prongs,
which can be described as a ‘Spur’. Fig. 2 shows a few other
nebulae, smaller (~1 arcsec) but high surface brightness, which can
be described as ‘hotspots’. Imaging of a wider area (e.g. Barth et al.
1994) shows these extend in a chain of some dozen nebulae from
the giant nebula across the northern part of the galaxy. The two
brightest hotspots in our field of view are visible on both the HST
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Figure 2. HST WFC3 image of the same area as Fig. 1 in the narrow F658N
band, primarily showing Ha emission. Labels S, hs1 and hs2 denote positions
of the ‘spur’ and ‘hotspot 1 and 2’.
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Figure 3. Flux map from PMAS data, averaged over the range 3960-6900 A,
shown on log scale of flux per Angstrom. The cross (4) marks the central
(highest flux) pixel of the Mrk 59 head/nebula, here and on our subsequent
plots of IFS data, to give a common reference point.

and PMAS Ho images — one belongs to the Mrk 59 component and
lies near its northern limit, connected to the giant nebula by wispy
nebulosity, the second is further north, within the southern end of the
disc component. These will be investigated individually. Hotspot 1
and 2 correspond respectively to regions 14 and 12 of Barth et al.
(1994), and approximately to regions 2 and 5 on the long-slit of
Noeske et al. (2000).

Fig. 3 shows our data cube averaged over the whole wavelength
range 3960 to 6900 A. This shows the Mrk 59 nucleus, the 3 ‘prongs’
seen in Fig. 1 (faintly), and the northern component in the uppermost
15 arcsec or so. Fig. 4 shows the corresponding spectrum, summed
over this whole image. It shows several strong and fainter emission

NCG 4861 Integrated spectrum of galaxy
1.5 T

Wholé visible galaxy‘/

[01115007

- Ha

= 25t Y 5
o ! Hp 35

£ 8x 0 g &<

> -3 Q3 @ 3 SR
2 =Y o o © Z ©
k) =s @ 3 = =

x or ¢ T o, g&

[ T ©

L 135 ) 2

8 2

145 L I I I I I
4000 4500 5000 5500 6000 6500

Wavelength (Angstroms)

Figure4. PMAS spectrum integrated over the whole visible galaxy (the 2114
spaxels with Ho flux above a threshold 10~1%erg cm~2s~!) in log scale.
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Figure 5. H« line flux map from PMAS data, on log scale.

lines and will be discussed further in this section. The H « emission
line is a good tracer of the current SFR (at least where it does not
suffer a great amount of dust extinction). Fig. 5 shows a map of Ha
flux from our PMAS data, measured and continuum subtracted (and
stellar absorption corrected) by FADO. It shows at lower resolution
many of the same features as the HST image: the bright nucleus,
spur, and hotspots are emphasized (but not the northern component).

To begin with, we define a set of regions covering the most obvious
sites of ongoing star-formation, (i) an aperture of radius r = 6 arcsec
centred on the peak of continuum, located at (40,34) arcsec, covering
the central bright part of the giant nebula/nucleus; an aperture of
radius r = 2.5 arcsec centred on the position (34,40) arcsec, and 2
more pixels, to cover the NE spur, and an aperture of radius r =
2 arcsec centred on both hotspot 1 and hotspot 2; Table 2 gives
these positions in RA/Dec. The H « flux is summed in each of these
regions (Table 2), and also for the entire galaxy within our field-of-
view and down to the Ha isophote 1 x 10'°ergcm=2 s 'arcsec™2
(total area 2114 arcsec?), this is called Mrk 59 in the Table. These
fluxes are converted to luminosity L assuming the distance modulus
31.01 mag. The SFR in solar masses (Mg) per year can then
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Table 2. Fluxes (F), luminosities (L), and emission-line ratios from the regions of the galaxy described in the text (with RA/Dec. coordinates from the HST
astrometry). 'L = 1092482 flux; 2 If we instead take SFR = 13.0 x 10’42L(H B) the SFR estimates increase a little to 0.355, 0.0166, 0.0056, 0.0019, and

0.533Mg yr~ .
Region RA Dec. F(Hat)obs F(HPB)obs L(Ho)! SFR?  [0m]5007/HB [N1]6584/Ha
hh:mm:ss dd:mm:ss 107 %ergem™2s~! 107 !%erg cm?s~! erg st Mg yr~! ratio ratio

Nucleus r < 6 12:59:00.4  + 34:50:43 21759 (£ 18) 8996 (£ 12) 6.601 x 10* 0.304 5.80 (£ 0.01) 0.024 (£ 0.001)
Spur 12:59:00.9  + 34:50:50 1114 (£3) 420(+2) 3.38 x 10%° 0.0155 4.57 (£0.04) 0.035 (£ 0.001)
Hotspot 1 12:59:00.9  + 34:51:15 373 (£3) 142 (£ 2) 1.13 x 10% 0.0052 429 (£0.07) 0.032 (£ 0.002)
Hotspot 2 12:59:01.2  + 34:51:15 116 (£ 1) 494 (£ 1) 3.53 x 108 0.0016  4.74 (£0.14) 0.047 (£ 0.004)
Mrk 59 12:59:00.4  + 34:50:43 33533 (£ 25) 13513 (£ 23) 1.017 x 10% 0.468 5.13 (£ 0.01) 0.031 (£ 0.002)

be estimated as SFR = 4.6 x 10~**L(Hw) (Cochrane et al. 2018,
adapted from Kennicutt 1998 for a Chabrier 2003 Initial Mass
Function).

However, while this method of SFR estimation may be valid for
whole galaxies, it may give an underestimate for much smaller
hotspots due to leakage of their ionizing photons into surround-
ing regions (e.g. Relafio et al. 2012). Our summed Ho flux for
the giant nebula is similar to the 2.23 x 10~2ergcm™2s~! of
Karthick et al. (2014). We find the maximum SFR density, from
the pixel with the highest Ha (8.36 x 10~'* erg cm™2s~'arcsec™2),
attains 2.0 Mg yr~'kpc=2. We compare our H 8 flux with previous
observations by summing over smaller areas of central nebula
matching the relevant spectroscopic slits, and come close to the
3.38 x 1073 ergcm~2s~! of Karthick et al. (2014), while our flux is
double that given by Noeske et al. (2000).

The ratio Ha/H 8 (Balmer decrement) is commonly used as an
estimator of internal dust extinction, which reddens the spectrum
and thus increases this ratio above the theoretically expected 2.79—
2.86 (Osterbrock 1989). However, our data gave Balmer decrements
below this range for the majority of spaxels (e.g. the mean for
the spaxels in the nucleus region was 2.54). We checked our flux
calibration by examining the ratios of 5 He I lines (4471, 4922, 5976,
6678, 7065 A), and found these were consistent with theoretical
expectations, as was Hy/Hp, and as noted above our integrated
H o and H B fluxes look consistent with previous observations. Sub-
theoretical Ha /H B ratios have been reported in a number of low-
metallicity starburst galaxies (e.g. Guseva et al. 2003; Gao et al.
2017) and have not been fully explained. Other studies of this and
similar galaxies have found very little internal dust extinction (e.g.
Karthick et al. 2014). Without additional observations, we can only
(following other authors) use the observed fluxes and assume no
significant internal dust extinction. A few (7) central nebula spaxels
with the highest H o fluxes had particularly low Balmer decrements,
as low as 2. In view of this and the unusual ratio in general, we
give additional (slightly higher) SFR estimates based instead on
our observed HB (Table 1), with Ha/HB fixed at a theoretical
2.82 for the SFR — Ha relation of Cochrane et al. (2018), so that
SFR = 13.0 x 10~*’L(Hp).

Fig. 6 shows a radial profile centred on the nucleus and calculated
in circular apertures, for the red continuum (6390-6490 A) and the
two strongest lines Ho and [O 111] A5007. All 3 show approximately
exponential profiles with a large central excess and steepening at
r < 6arcsec, produced by the (1 kpc diameter) central nebula (as
in the profiles shown by Noeske et al. 2000). At 6 to 22 arcsec,
we fit exponential scale lengths r, ~ 6.51, 5.38, and 4.51 arcsec
for continuum, He and [O111] 5007, respectively. The half-light
radii are 8.5, 4, and 3 arcsec. Mrk 59, whether disc-like or more
irregular, is small with 7e,, > 0.5kpc. The [O 1] 5007 emission is
more centrally concentrated than the Balmer lines, and this leads to
consideration of the excitation ratio, [O11] A5007 /HS.
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NGC4861: Radial Profiles
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Figure 6. Radial profile [measured in A(r) = 1 arcsec circular annuli] of the
Ha (red) and [O111] A5007 (green crosses) emission lines, and the continuum
at 63906490 A (black), measured in flux A~! and plotted multiplied by 500
for ease of comparison with the strong lines). Our fitted exponentials are also
plotted as the straight red (Ha), green ([O111]) and black (cont.) lines.

We calculate this ratio for each spaxel and region by summing the
[O 1] 5007 and HB emission fluxes (not including [O 111] A4959)
from the FADO fits (stellar components subtracted), to map the
excitation for the whole galaxy (Table 2, Fig. 7).

There is a high peak in excitation ratio at the giant nebula, reaching
a maximum of (at about an arcsec SW of the peak of flux) of 7.35,
which is in the range of ‘green pea’ galaxies. The ratio decreases
with distance from the nucleus, remaining >4.3 over most of the
Mrk 59 component, extending to Hotspot 1. In faint outer regions
(F(Ha) < 10~1 erg cm™2s'arcsec™?) it is lower, between 3 and 4,
and decreases further into the northern component, except for an
obvious second peak at the position of Hotspot 2, where excitation
reaches a maximum of 5.64. This was noted by Barth et al. (1994),
who found their corresponding region 12 lay well above the radial
gradient in excitation traced by the other emitting regions, and they
suggested that this could be attributed to shocks produced by a
supernova. Hotspot 2 looks elongated E-W on the excitation map,
and the HST image (Fig. 2) shows two structures here, spanning
3 arcsec, the western sharply peaked and the eastern more diffuse
and shell-like.

Fig. 8 maps another key line ratio, [N 11] 16584 /Ha (N2), which,
in contrast to the excitation, shows no central peak at all. This is
evidence against AGN emission in Mrk 59. The N2 map, noisy
because the [N 11] lines are weak, shows no strong features but looks
slightly higher in the far north. By the N2 and O3N2 (dust insensitive)
metallicity estimators as calibrated by Marino et al. (2013), the line
ratios point to 12 4 log(O/H) = 7.99 (N2) or 8.02 (O3N2) for the
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Figure 7. Map of the excitation ratio [O11] A5007/HS, showing highest
values (~7) at the giant nebula and a distinct second peak in the north at a
position corresponding to Hotspot 2 (small white X).
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Figure 8. Map of the metallicity-sensitive N2 flux ratio [N 11]6584 /He.

giant nebula (in agreement with Noeske et al. 2000) and 8.05/8.06 for
the ‘whole’ galaxy. Note that, at this low metallicity, we are outside
the fitted range for the O3N2 estimator, while N2 continues to follow
a linear relation (Marino et al., Fig. 4), so may be preferable.

Fig. 9 shows a map of the He EW. It is very high compared to
most galaxies, > 400 A over Mrk 59, and at the nucleus it approaches
700 A. However, it shows a different pattern from the centrally peaked
line fluxes, in that, the highest EWs of all (800-1400 A) are found
to the south and west of the central point, at the edge of the central
nebula, and extend into lower surface brightness nebulosity further
west. The EW is sensitive to stellar age, e.g. according to Pappalardo
at al. (2021), 1000 A corresponds to 5.6 Myr of a constant SFR, so
this is another region with very young stars.

Fig. 10 shows the spectra of the nucleus, spur and hotspot regions.
All have blue continua with strong emission lines and a lack of

NGC 4861 Ha Equivalent Width

1400
70
60 1200
50 1000
3 "
é’ 40 800 g
s =1
£30 600 £
Q.
20 400
10 200
0 0
0 10 20 30 40 50 60 70
pixels (arcsec)
Figure 9. Map of Ho emission equivalent width.
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Figure 10. PMAS spectra integrated over the nucleus, spur, and hotspot
star-forming regions, flux in log scale.

absorption features. Auroral lines [O1i1] A4363 and [S 1] 16312
are visible, indicators of high electron temperatures. The two star-
formation Hotspots have similar continua but the Hotspot 1 has
stronger emission lines (and is slightly bluer). Of particular interest
in the nucleus spectrum is a close group of 4 small emission lines
centred on He1l1 14686 — this is the distinctive WR star signature
known as the ‘blue bump’ and will be investigated in section 6.

4 KINEMATICS

Fig. 11 shows a map of gas radial velocities, measured from (FADO)
fits to the strongest emission lines, given relative to the systematic
(i.e. centre of the disc) recession velocity 790kms~!. On this
scale, the velocities in our field-of-view are all negative with the
centre of the nebula at about —37 kms~!. Uncertainties are ~10km
s~!. High velocity (>100kms~") outflows are not seen anywhere.
The strongest feature is a blueshifted (by 40-50kms~!) region
~12 arcsec NW of the nucleus. Further NW and almost to the image
edge is a ~20km s~! redshifted region. These appear to be motions
in the wispy filaments faintly visible in the HST Ho image (Fig. 2).
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NGC 4861 Relative radial velocity

70 T ‘ I ‘ - 10
m

60 I - P 20

= -30

50 | f
40 5.
30 .+i

1 T - L
20 -

.-l.. - N -70

0 | | | | | | |
0 10 20 30 40 50 60 70
arcsec

N
o

l
&)
o
Velocity km/s (relative)

- JINE
1

arcsec

(o]
o

Figure 11. Map of Radial velocity in kms ™', relative to galaxy systematic
velocity, measured from the emission lines in each spaxel (by FADO).

In our PMAS He image (Fig. 5), we can also see faint emission here,
forming a sort of loop. These features appear to correspond spatially
to the ‘SGS4 shell’ described by van Eymeren et al. (2007, 2009) —
in Ha and H1 they found motions of ~ 30kms~! in this region W
of the galaxy. Presumably this is an expanding shell of gas driven by
the central starburst, now at least 1 kpc in size but very faint, with Ho
surface brightness ~5 x 107'% erg cm™2s~'arcsec™2. There is also
some sign of a blueshifted region S/SE of the nucleus, where the
HST image shows 2 small emitting nebulae.

A large region in the far north of the field-of-view is redshifted
by ~25kms~! relative to the southern component. This shift is the
abrupt velocity difference between the rotating northern disk and
Mrk 59, seen by Thuan et al. (2004). Hotspot 2 looks 10-15km ™!
less redshifted than surrounding pixels, perhaps this is evidence for
a small outflow but higher spectral resolution is needed to confirm
this.

In summary, we see in this galaxy the motion of large faint shell
structures, at velocities too low to drive gas out of the system (vescape
~ 160kms~'; van Eymeren et al. 2007), and near the north edge,
the disc rotation. There is no sign of a centrally concentrated wind
or high velocity outflow like those seen in some merging galaxies
(e.g. Wild et al. 2014; Roche et al. 2015), which seem to be in a later
stage of evolution.

We use the kinematic map to define another two regions for spectral
analysis. The first is the redshifted (relative velocity >—26kms™')
region in the north/NE of the image, which is essentially the part of
the northern disk galaxy (totalling 115 arcsec?) within our field-of-
view (but excluding hotspot 2 because this is less redshifted, and is
being considered separately). The second is the most blueshifted
[<90 < A(v) < —70kms~!] part of the low-surface-brightness
region west of the giant nebula (52 arcsec?). Also, we define a seventh
region, of the 40 spaxels with the highest EW(He) of > 1000 A and
which lie outside of the r < 6 arcsec nucleus region, but extend to
its south and west (Fig. 9). Table 3 lists some properties of these
additional regions. Fig. 12 shows the positions of all regions.

The blueshifted and high-EW regions have a high excitation and
low N2 ratio, like all other parts of the Mrk 59 structure. The
blueshifted region spectrum (Fig. 13) is similar to that of hotspot
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1, another outlying part of Mrk 59. It seems to be just a diffuse part
of Mrk 59 which, due to the expanding shells around the nebula,
happens to have acquired the highest relative radial velocity. The
high-EW region has a similar spectrum to the blueshifted region,
which it is close to, except all the emission lines (not only He) are
about twice as strong relative to the continuum.

The redshifted region, part of the northern NGC 4861 disc, has
a lower excitation than anywhere in Mrk 59 but a higher N2 ratio,
suggesting a higher metallicity — the Marino et al. (2013) relations
estimate 12 + log(O/H) = 8.20 (by N2) and 8.22 (by O3N2);
consistent with Noeske et al. (2000, Fig. 12) at this position. It has
weaker emission lines than the blueshifted region but is certainly not
‘red and dead’, as the He EW is still ~ 100 A. The redshifted region
also shows stronger [OI] A6300 emission relative to the other lines
(EW ~ 8 A, flux 8 per cent of Ha) than elsewhere in this galaxy,
and deep Balmer absorption features (Ho,ps >~ 5.5-10A) coinciding
with narrower emission lines (in HB, y, §). [OI] 16300 might indicate
shocks, and the Balmer absorption lines a post-starburst region.
Hotspot 2 which lies adjacent has more than twice the excitation.
These features will be compared further in the next section.

5 SPATIALLY RESOLVED STAR-FORMATION
HISTORY

Our FADO model estimates the total stellar mass present within
our field-of-view as 1.38 x 108 Mg,. Dividing the Ha or HB based
SFRs by this mass gives the specific SFR 3.4-3.9 Gyr~! (Porto 3D
estimated a slightly greater stellar mass, perhaps because of its non-
inclusion of nebular continuum in the fit — 1.67 x 108Mg). Each
spaxel typically represents of order ~ 10*°~> M. This specific SFR
means Mrk 59 is undergoing a starburst, as even if it is only 1 Gyr old
its current SFR is well above its time-averaged SFR. These properties
are within the range of ‘green pea’ galaxies (Izotov et al. 2011),
however, the relatively low stellar mass and SFR of Mrk 59 place
it near the upper limit of the ‘blueberry’ class of smaller starburst
galaxies (Liu et al. 2022; Paswan et al. 2022).

We run Porto3D and FADO to fit individual spectral synthesis
models (and therefore star-formation histories) to the observed
spectra in each of the 1312 single-spaxel or larger Voronoi elements.
This maximizes the spatial sampling but at the expense of low
signal/noise spectra and hence noisy stellar age estimates. However,
this may be sufficient to make an approximate age map for the whole
galaxy. To begin with, each of the fitted star-formation histories are
characterized by two numbers, a luminosity-weighted mean age (#.)
with L calculated at 5080 A and a mass-weighted mean age (fy). We
show here the mean age maps produced by FADO (Figs 14 and 15).
They are noisy but do show a common 2D pattern.

The ty map tends to show greater ages than 7, and even more
noise, as expected if the star-formation histories are quite extended.
Table 4, in columns 3 and 4, gives the mean log stellar ages (and
errors on the means from pixel-to-pixel scatter) from the two maps
shown, for each of the 7 regions (Fig. 12). By averaging over regions
it can be seen that both maps show a ~1 dex difference between the
giant nebula in the lower-centre (~108 yr) and the older north and
NE, i.e. the northern disc component (~10° yr). In averaged ages, the
nucleus, spur and high-EW region are youngest, the hotspot 1 and
blueshifted region older, the northern hotspot 2 and the redshifted
region older still.

FADO was then run on the summed spectra of each of the 7 regions
— which will have a much higher signal/noise than a single-spaxel
spectrum and should therefore give better age-resolution. For each
region spectrum, FADO estimated a star-formation history shown in
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Table 3. Line fluxes and ratios of an additional 3 regions. If we estimate SFR from Hp rather than Ha, using again SFR = 13.0 x 10~*?L(Hp), the SFR

estimates increase a little to 0.0053, 0.0058, and 0.0143 Mg yr‘l.

Region F(Ha)obs F(HB)obs L(Ha) SFR [O11]5007/HB [N11]6584/Ha
10~ % ergcm=2s~! 10%rg cm? 5! erg s’ Mg yr~! ratio ratio
Redshifted 348(x 3) 135(£ 3) 1.06 x 10% 0.0049 1.97(% 0.06) 0.068(+£ 0.005)
Blueshifted 381(£3) 147(£3) 1.16 x 10%° 0.0053 4.66(£0.11) 0.034(== 0.004)
EW > 1000 A 954(£ 5) 363(x 3) 2.89 x 10%° 0.0133 4.54(£ 0.05) 0.033(£ 0.001)
NGC 4861 regions of summed spectra NGC 4861 Luminosity-weighted age map (FADO)
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Figure 12. Positions of the 7 regions described above: 1 being the central
giant nebula, 2 the spur, 3 is hotspot 1, 4 is hotspot 2, number 5 a redshifted
region from the old part of the galaxy, 6 a blueshifted diffuse region, 7 a
region of spaxels with the highest He EWs, close to the nucleus.
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Figure 13. PMAS spectra integrated over the blueshifted and redshifted
regions described, together with the nucleus and high-EW region, flux in log
scale.

a pair of plots. The upper is the luminosity fraction of each fitted
stellar component, and the lower the mass fraction on a log scale,
both against age (the curves are smoothed versions of the population
vectors). The first six are shown on Fig. 16.

Firstly, the nucleus (region 1) and spur (2) are found in our analysis
to have similar histories, formed in continuous bursts over the past
103 yr, in fact slightly more, with both showing large components at
age 125 Myr. Both have a substantial content of < 10 Myr age stars,
estimated as 8 per cent by mass in region 1 and about 20 per cent in

Figure 14. Luminosity-weighted stellar age in each spaxel/Voronoi element
(on log scale), as estimated using FADO.

NGC 4861 Mass-weighted age map (FADO)

arcsec
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Figure 15. Mass-weighted stellar age in each spaxel/Voronoi element (on
log scale), as estimated using FADO.

region 2, which implies the SFRs are not decreasing. No older stars
at age >0.3 Gyr are detected.

The hotspot 1 is seen to have a different, bimodal history, with
some very young stars (< 10 Myr) as expected from the strong
emission lines, and an underlying older component with age 1 Gyr,
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Table 4. (i) Region; (ii) size of each region in pixels or arcsec?; (iii) mean log 11, and (iv) mean log #\ (with error of mean) for each region from averaging
over the region in the FADO age maps, Figs 14 and 15; (v) Stellar ages 71, and (vi) f\ from FADO fits to the whole-region integrated spectra (Figs 16 and 17);
(vii) He EWs from FADO fits to whole region spectra; (viii) metallicity estimated from strong line fluxes (N2: from line ratios in Tables 2 and 3), statistical
uncertainties are about £0.01, but note the Marino et al. 2013 fit has a scatter of at least 4-0.09; (ix) mass of existing stars in region (from FADO fit). ! This
age differs greatly from the other regions and could be a significant overestimate if there is a problem with the oldest component fit.

Region Npix mean log 7, mean log fy region 71, region fy Ho EW 12 4+ 1og10(O/H) log M.,
arcsec? log yr log yr Myr Myr A by N2 Mg
Nucleus 109 7.92 +0.08 8.31 £0.10 75 105 664(x 3) 7.99 7.14
Spur 23 8.11 £0.16 8.69 +0.22 39 90 415(£2) 8.07 5.99
Hotspot 1 16 8.58 £0.17 8.89 +£0.20 404 879 617(x 7) 8.05 591
Hotspot 2 16 8.94 +£0.15 9.25+0.19 975 1666 213(% 3) 8.13 5.99
Redshifted region 115 9.13 + 0.04 9.36 + 0.04 1140 1813 103(x 1) 8.20 6.90
Blueshifted region 52 8.52+0.16 8.80 £0.18 2619! 6011! 435(£5) 8.06 6.50
Highest EW region 40 7.93 £0.16 8.24 +£0.20 337 446 1191(£ 5) 8.06 5.95

which might rather be called intermediate age. The young stars make
up only about 3 per cent of the mass but 55 per cent of the luminosity.

Hotspot 2 is similarly bimodal with a smaller fraction of very
young stars (1 percent by mass, 30 percent luminosity) and the
median (#;;) age of the older component at 1.75 Gyr; the starburst
is sufficient to locally double the [Om1]/Hg ratio. The redshifted
region (5) — representing the northern disc component and not a
concentration of star-formation like hotspot 2 — is made up of the
intermediate age stellar population, midpoint age 1.15 Gyr, with only
a tiny amount (2 per cent by luminosity) of young stars. However, we
had found a greater Ho flux, and therefore estimated a higher SFR,
for region 5 than for hotspot 2 (Tables 2 and 3). It is possible Hotspot
2 has a higher SFR than our estimate but is leaking ionizing photons
a few hundred pc into region 5, causing displaced Ho emission.
From Relafio et al. (2012) this leakage could be ~ 25 per cent for
compact regions. On the other hand, region 5 contains at least one
small emission nebula of its own.

The blueshifted region (6) shows an odd trimodal age distribution
in our fit, with peaks at 3 Myr, 100 Myr, and 6 Gyr. There is again
a high luminosity fraction (29 per cent) of very young stars, but the
fit differs from the other regions in that it includes a large fraction
of stars older than 3 Gyr. FADO fits to other ‘green pea’ galaxies
have in a few cases shown a component of very old (~ 10 Gyr) stars
(Ferndndez et al. 2022), but it also seems possible the fit for the
older stars is less accurate here, perhaps because of the low surface
brightness, and the age is overestimated.

For the region (7), selected as having the highest Ho EWs, the
derived star-formation history (Fig. 17) is very similar to hotspot 1,
with a mixture of very young (<107 yr) and intermediate age (0.5-
1.0 Gyr) stars, the first being about 5 per cent by mass and 24 per cent
by luminosity. The high EW does not necessarily mean this part of
the galaxy is very young but rather reflects a high content of very
young stars from the current starburst.

Finally, we analyse the ‘whole galaxy’ spectrum (plotted in
Fig. 4) made up by summing all 2114 spaxels with Ho flux
>1 x 1079 ergs~'arcsec™2 (same as the ‘Mrk 59’ area of Table 2).
This could represent how a small galaxy might look if placed at high
redshift where only a single spectrum could be obtained, rather than
an IFS cube. About half of the flux in this spectrum comes from the
nucleus and adding in the remainder of the galaxy makes it redder.
Its FADO fitted age distribution resembles that of the nucleus alone,
with a higher ratio of 108 yr age relative to very young stars. It has
no >0.3 Gyr old stars, despite that a ~1 Gyr age component was
fitted as the most massive for 4 of our region spectra. This shows
how attempts to reconstruct star formation histories for high redshift
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galaxies may be biased and represent mostly the bright nuclei —
but also hints that more complex pictures might emerge when it is
possible to employ higher-resolution IFS (e.g. with the JWST).

It is not simple to estimate accurate uncertainties on the stellar
age estimates or star-formation histories from this type of complex
analysis. FADO has been claimed to have a formal uncertainty on
the age of only Alog(t,) ~ 0.005 or 1 percent (Fernandez et al.
2022), however, the simulations of Pappalardo et al. (2021) suggested
Alog(t) ~ 0.03 or 7 per cent for high signal-to-noise ratio spectra.
Uncertainties will depend on quality of spectra and other factors
that vary between galaxies or stellar populations. This is outside the
scope of this paper and is being investigated by Papaderos et al. (in
preparation). FADO appears to work well for extreme emission line
galaxies (Breda et al. 2022). It is encouraging we obtain a fairly
consistent picture of the spatially resolved star formation history
from analysis of multiple and separated regions.

In general we see an underlying ~1Gyr age (intermediate)
population (range 0.5-2.0 Gyr), which could be the NGC 4861 disc
(centred northwards of our field-of-view), plus a different distribution
of very young stars (Mrk 59) centred instead on the giant nebula and
with a luminosity fraction varying from 2 per cent (region 5) to near
100 percent. This age bimodality resembles that of Noeske et al.
(2000, table 6) who fitted their long-slit spectrum/colours of this
galaxy with combinations of 4-25Myr and 1-2 Gyr age stars, the
former dominating in the nucleus and their region 2 (our hotspot 1)
and the latter northwards.

NGC 4861, or at least the part covered by our data cube, seems
relatively young, as our model fits (except for region 6, maybe) do not
require stars older than 2.5 Gyr. On the other hand, the intermediate
component is over 1 Gyr old and this in combination with the high
sSFR, 3.5 Gyr" , and the star-formation histories (Figs 16 and 17), is
inconsistent with a constant SFR. Rather the SFR must have declined
after formation of the disc, only for the galaxy to return to rapid star-
formation more recently, producing the giant nebula, spur and Ho
hotspots.

The FADO fit to the nucleus (r < 6 arcsec) spectrum estimates its
stellar mass at 1.38 x 107 M, which with its current (Ha') SFR of
0.304 Mg yr~! would have formed in 46 Myr. This is less than the
mass-weighted mean age, given as 105 Myr and median ¢ 1 age of
121 Myr. This implies that (i) the initial strong starburst an estimated
125 Myr ago did not drive out all gas and halt further star-formation,
(i1) the current Ho luminosity suggests that the SFR is increasing,
or at a high point in a series of short bursts. This in turn could mean
that gas is inflowing rather than being depleted and the giant nebula
and ‘green pea’ galaxy are growing.
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Figure 16. Distribution of stellar ages, weighting by luminosity (above, linear scale) and mass (below, log scale), as estimated by the FADO fit to the spectrum
of these regions (the colours denote stellar metallicity relative to Solar): (top row, left to right) (a) nucleus, (b) spur, (c) hotspot 1; (below, left to right) (d) hotspot
2, (e) redshifted northern region (number 5), (f) blueshifted region (number 6). The vertical arrow in the mass fraction diagram marks the age when 50 per cent

of the present-day stellar mass was formed.

We propose that a low surface brightness disk galaxy (NGC 4861)
formed 1 to 2 Gyr ago and more recently — in the absence of evidence
for interaction with another galaxy — collided and merged with a
massive H1 cloud, and from ~10® yr ago experienced a huge inflow
of gas on its southern side which formed the high surface brightness
giant nebula and a surrounding compact (re, = 0.5kpc) system of
stars (Mrk 59). This morphology appears from some angles like a
comet, but essentially the galaxy has entered a new stage of evolution
as an asymmetric ‘green pea’ or ‘blueberry’ starburst galaxy, which

with the high gas content and extensive H1 envelope seen in VLA
observations (~1.1 x 10° Mg of H1, My, > Mgenar; Thuan et al.
2004) might continue for another ~10% yr or more.

Electron temperature T, and electron density n. can be estimated
together, using IRAF ‘temden’ (Shaw & Dufour 1994), with the flux
ratio of [O111] A4363 (where it is strong enough) to [O 111] AA4959,
5007 and the [S1]A6717 to [S1] 16731 ratio. In Table 5 we give
these fluxes (from FADO fit), firstly for the r < 6 arcsec nucleus
region, where ‘temden’ fits 7, = 62 cm™> (£ 20) and T, = 12768 K
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Figure 17. Distribution of stellar ages, weighting by luminosity (above,
linear scale) and mass (below, log scale), as estimated by the FADO fit to the
spectrum of these regions: (left) region 7 selected as having EW > 1000 A,
(right) the whole galaxy, summed over 2114 spaxels.

(£ 228). These are in the observed range for ‘green pea’ galaxies
with n, slightly lower than average (Izotov et al. 2011; Micheva et al.
2017). Outside the nucleus, n, measurements have large uncertainties
and are generally lower (some are out of the fit range); the [S 11] ratio
becomes insensitive at n, < 40 cm™3.

Our data do not include [O11] L3727, so we cannot use this to
obtain a direct oxygen-abundance estimate. However, the electron
temperature based on [OTII] A4363 can be used to make another
estimate of metallicity via the relation of Amorin et al. (2015) for
‘extreme emission line galaxies’; the central T.([O11]) = 12768 K
gives 12 + log(O/H) = 8.08. We applied the same method to the
other regions (Table 5), but their fainter [O111] 24363 lines give
greater uncertainties. We find the spur and hotspot 1 have similar
T. and metallicity to the central nebula and there are not great
variations within the southern component. T, and N2 estimators
agree reasonably well. [O111] 14363 emission could not be seen in
our spectrum for the northern component (region 5), perhaps because
of strong Balmer (Hy) absorption. We had noted this region as
having a slightly higher metallicity (8.20) on the basis of its higher
[N1] 16584 /He, which may be evidence of a (small) metallicity
gradient.

6 IONIZED HELIUM LINE EMISSION

As originally discovered by Dinerstein & Shields (1986), the NGC
4861 spectrum shows a double ionization helium emission line,
He 1114686, which is broadened to some extent, indicating an
origin in Wolf-Rayet (WR) stars. The line map from FADO shows
He 11 A4686 emission from the nucleus and (more faintly) the ‘Spur’,
but not elsewhere in the galaxy. Summing He 1l flux over central
spaxels where it is above 0.4 x 107!% erg cm~2s~'arcsec 2, including
the nucleus and spur, the total came to 1.95 x 10~ ergcm™2s~!. The
ratio of He 11 A4686 to Hp integrated over the same area (8.95 x 10713
in 135 arcsec?) is 0.0218, about the same as in the WR galaxies (of
similar metallicity) Mrk 71 (Micheva et al. 2017) and NGC 1569
(Mayya et al. 2020).

Due to the short, few Myr lifetime of massive O stars and their even
briefer late phase as WR stars, the detection of WR features indicates
a stellar population within a narrow age range, approximately 3—
6 Myr (Mayya et al. 2020), although with binary star evolution
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taken into account this may extend to over 10 Myr (Eldridge &
Stanway 2022). However, galaxies may also show narrow He 11 A4686
emission lines originating from nebulae ionized by any source of
sufficiently energetic photons (hv > 54.4 eV or 4 Rydberg), such as
other types of extremely hot star (e.g. Szécsi ei al. 2015; Kehrig et al.
2015, 2018) or AGN (e.g. Wang & Kron 2020).

Fig. 18 shows the spectrum around He 1114686 for the nucleus
and spur regions. In the first, He 1l is clearly visible together with 3
narrow lines, which were identified for this galaxy as [Feln] 14658
and [ArIV] AA4712, 4740 by Fernandes et al. (2004, fig. 7), and we
confirm the observed line wavelengths fit. The He Il line has an EW of
only 1.5 A but is visibly broadened, with FWHM ~ 11 A compared
to 7 A for other emission lines in this part of the spectrum (most of
this from the instrumental resolution, FWHM ~ 6 A), implying that
a substantial fraction of the emission is from WR stars. In the Spur
region spectrum, the He I line is visible but weaker (EW =~ 0.8 A)
and narrow (FWHM ~ 7 A), pointing to nebular emission rather
than WR stars, and the two [Ar1v] lines, which require a high energy
(40.74 eV), are very weak or absent.

To further investigate the origin of the Hell emission, we map
both spatial distribution and line width. For this Section, ‘flux
units’ are defined as 107'% ergcm™2s~!. We fit Gaussian functions
to the He 11 line in individual spaxels using IRAF ‘fitprofile’, over a
25 x 25arcsec area enclosing the nucleus and spur. First, a single
Gaussian, fixing A = 4685.71 A and allowing the FWHM to vary
freely. Fig. 19 shows the flux and line width maps, with only spaxels
with fitted fluxes above 0.2 units plotted (about 2¢'). Most of the
He 11 emission is from the nucleus, and there is also some from the
spur region with a lower surface brightness. The FWHM is 7-8 A
in the spur and increases westwards, peaking at the nucleus, with a
maximum of 14 A at the spaxel (41,33), which is also the peak of the
He 11 flux. The He 11 line from this spaxel is plotted in Fig. 18, where
it has the broadest wings.

This spatial variation in FWHM suggests that there are two line
components differing by a factor ~2 in width. The broad component
is likely to have about FWHM = 15 A, which is as observed for
WNL type (late nitrogen rich) WR stars (Kehrig et al. 2013; Miralles-
Caballero et al. 2016). We repeat our fitting with two Gaussians, both
held at the same wavelength but with different FWHM fixed at 7 and
15 A, and allowed to vary in flux. Fig. 20 shows the flux maps of
the two fitted components. The broad component is concentrated in
the central nebula, centred a little towards its western side, spans at
most 9 arcsec (north to south), and is not seen elsewhere. The narrow
component is lower surface brightness but more widely distributed,
over the whole central nebula and spur, extending some 16 arcsec.
The broad component flux is peaked at spaxel (41,33), flux 6.13 units,
where we found the line to be broadest. The narrow component is
brightest at spaxel (39,35), with flux 1.46. While they overlap, there
is clearly some spatial offset between the broad (WR) and narrow
(nebular) He It components.

Some other WR galaxies show both broad and narrow Hell
emission components, with the narrow component being more
spatially extended, e.g. Mrk 178 (Kehrig et al. 2013) and NGC 1569
(Mayya et al. 2020). For NGC 4861, the long-slit spectroscopy of
Noeske et al. (2000) found a ~1 arcsec offset of the peak of the WR
features from the peak of narrow He I and HB emission, in the same
direction of SW as we do. The WR stars might then be clustered
slightly to the SW of the nebula centre, perhaps in the south-westerly
of the three brightest spots in Ho (the other two are NE of centre),
marked on the HST Ha image in Fig. 21 (about 1.3 arcsec from the
central point). Miralles-Cabellero et al. (2016) examining generally
larger galaxies in CALIFA noted WR regions were sometimes offset
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Table 5. Line fluxes from region spectra in units of 10~ erg cm=2s~!

and the electron temperature T¢([O111]) and density ne derived from these fluxes using

IRAF ‘temden’. Also the metallicity estimated from T, via the relation of Amorin et al. 2015. [O 111] 24363 is not detected for the 5th region.

Region [On1]4363 [O11]4959 [Om1]5007 [Su]6717  [Su]6731 e Te 12 4+ 1og10(O/H)
flux flux flux flux flux cm™? K ‘Amorinl5’
Nucleus 661(£ 31) 17028 51594 1003 742 62(% 20) 12768(% 228) 8.08(% 0.02)
Spur 21.3(£ 2.3) 638 1920 69.9 493 <40 12703(+ 463) 8.09(% 0.04)
Hotspot 1 6.75(% 0.85) 204 609 20.5 14.6 10(x 80) 12078(% 556) 8.15(% 0.05)
Hotspot 2 2.97 £ 0.64) 79 234 11.7 7.7 low 12689(< 1055) 8.09(% 0.09)
Redshifted region - 87 265 58.4 42.8 49(£ 47) - -
Blueshifted region 10.0(x 1.0) 229 684 25.4 17.6 <49 13430(% 545) 8.02(% 0.05)
Highest EW region 23.7(£ 1.7) 550 1649 69.6 47.6 low 13346(+ 330) 8.03(% 0.03)
NCG 4861 spectra of WR “blue bump’ NGC 4861 Hell4686 Flux (single line fit)
110 Nucleus (r<é arcsec) b I I I I 7
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Figure 18. The wavelength range containing the He 1114686 line and WR 0 | | | | 0
‘blue bump’, shown for the spectrum from the whole nucleus, the spur 0 5 10 15 20
region, and from the pixel (41,33), within the nucleus, where the He I line arcsec
is strongest and most broadened (for this spectrum, we show the broad and
narrow components fitted to the He I line). The latter two spectra are scaled
upward for comparison with the first.
NGC 4861 Hell4686 width (single line fit)
. . 14
~1 kpc from galaxy centres. Kehrig et al. (2013) attributed a 0.1 kpc ! ! ! !
offset between WR stars and nebular He Il in Mrk 178 to the effects 13
of WR star winds. This may be involved here — however, the nebular 20 f H
He 1l emission from the spur extends nearly 1kpc from both the 12
nucleus centre and the possible concentration of WRs, and could be -
powered by non-WR stars. 15 L I [ | 1" 5
Summing the fitted line fluxes over the spaxels above a threshold 28
. A N o
0.2 units gives 77.9 units for the broad and 40.4 for the narrow & . 10 <
component (again of 10~'®ergcm™2s~!). The narrow fraction is @ z
34 per cent. Of the narrow component 4.68 units (12 per cent) comes 10 - 1 9 £
from the spur region; interesting in that, the spur has only 5 per cent £
of the Ho or HB emission of the nucleus. These fluxes give the broad | Llg
and narrow HeII luminosities as 2.36 x 103 and 1.26 x 10% erg 5 - -
s 1. F1 7
Dividing this broad Hell luminosity by the mean WR star
broad-component He Il luminosity given by Mayya et al. (2020), 0 ‘ L ‘ ‘ Ll e
1.22 x 10%ergs™!, it is estimated to correspond to the emission 0 5 10 15 20

of 192 WNL-type WR stars. While this Gaussian line fitting is
useful for studying spatial distributions, the fluxes are likely to
be underestimates to some extent because of low signal/noise in
many one-spaxel fits and the overlap of He 11 with other lines. The
FADO fit gave an all-components He 11 14686 flux of 195 £ 4 units,
1.65 times our (narrow plus broad total) 118.3. This made use of
an observed spectrum with fitted stellar component (and nebular
continuum) subtracted to leave only the emission lines, shown here

arcsec

Figure 19. Map of Flux and Gaussian FWHM of He 11 14686, from IRAF
single-line fit (shown for spaxels with He Il flux above a threshold of 0.2 units
of 10710 ergem™2s~1).
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NGC 4861 Hell4686 flux, narrow component
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Figure 20. Map of Flux in He 11 14686 line, separated into narrow (7 A) and
broad (15 A) components by IRAF double Gaussian fits (only spaxels with
flux >0.2 units plotted). The small orange ‘x’ denote the Spur region as
defined for the analysis of spectra, which is seen to be a region of significant
(narrow) He IT emission.

on Fig. 22. After this subtraction, the nucleus spectrum shows a
‘blue bump’ of above-zero values extending from about 4620 to
4750 A and including the 4 emission lines already noted, and also
a hint of much broader underlying emission. The Spur spectrum,
with stars subtracted, shows two narrow emission lines and no
broad component in this range. From previous observations (e.g.
Crowther & Hadfield 2006), a very broad bump can be produced
by some WRs with especially broad He 1l plus further broad lines
on its bluer side, including the triplets N 1 AAA4634,4641,4642 and
Carr4647,4650,4651, associated with WN-type WR stars and
carbon-rich WC stars, respectively.
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HST-WFC3 Image, nebula in Ho
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Figure 21. Giant nebula shown in central 10 x 10 arcsec area of the f658N
(showing He), with a different scaling from Fig. 2 so as to show features
in the bright nucleus, with X marking proposed location of WR stars (RA
12:59:00.3, Dec. + 34:50:42).

NCG 4861 spectra of WR ’blue bump’, stars subtracted
25 T
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Figure 22. Summed spectra of the nucleus and spur regions, in the vicinity
of the WR ‘blue bump’, with stellar and nebular continua subtracted to leave
only emission lines.

To investigate the possibility of a 3rd ‘extra broad’ component,
we first sum the emission-lines-only data cube over 46204750 A
to capture all of the emission in the ‘blue bump’ range as an image
(Fig. 23). The emission region covers the whole central nebula with
a small amount from the Spur. If we sum the fluxes in all spaxels
above a threshold of 0.4 units (meaning the nucleus and spur), this
comes to a surprisingly large 545.3 units.

Secondly, we perform multi-Gaussian fits to the spectrum of the
central nebula with the stellar continua subtracted. We fit first the 4
narrow lines (FWHM = 7 A) plus the broad (FWHM = 15 A) Hent
line. When this fit is subtracted from the spectrum, there is some sign
of a residual bump above the zero-line with FWHM ~ 60 A. Also,
we can see a small, narrow line at A >~ 4701 A, which is believed to
be [Fe111] A4701.6.

We then perform the fit again including a 6th component, a
FWHM = 60 A Gaussian fixed at 4650 A to represent the C 11l lines,
and a 7th, the extra [Fel] line. This fit (Fig. 24) gave the total
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Figure 23. Map of Flux in the whole 4620—4750 A range, after subtraction
of fitted stellar (and nebular) continuum, to leave the line emission including
that from all types of WR stars and nebulae.

NCG 4861 spectrum of WR ’blue bump’, stars subtracted, 7 component fit
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Figure 24. Spectrum of the nucleus regions only (in the vicinity of the WR
‘blue bump’), with stellar and nebular continua subtracted, compared to a
fitted model with 6 emission line components including broad and narrow
He 11 and very broad C 111, shown separately and as their sum.

fluxes of the narrow lines (errors estimated by fitprof by repeatedly
adding artificial background noise) to be 56.0 = 3.4 for [Fe 111] A4658,
61.0 £5.2 for narrow He 114686, 121.2 4 8.0 for broad He 11 A4686,
36.8 £ 2.3 for [Femn] 14702, and 110.8 4+ 3.5 and 53.1 4+ 3.2 for
[Ar1v] 14712 and 4740. A very broad C1I component is fitted as
87 % 15 units. The spur-region spectrum shows the first two of these
lines as significant detections, with fluxes of 2.4 £ 0.7 units for
[Fen] A4658 and 7.5 £ 0.6 for He11. The total He 11 14686 flux of
nucleus and spur from these fits is 189.7, consistent with the FADO
estimate. The total of all 9 fitted line fluxes in the blue-bump comes
to 526 units, near the total estimated from the summed image.

NGC 4861, with both narrow and broad He IT components within a
factor 2 in luminosity, and 12 + log(O/H) ~ 8.0, lies in a mid-range
(along with Mrk 178 and NGC 1569) between very low metallicity
dwarf starburst galaxies like I Zw 18 and SBS0335-052E, where
He 1114686 emission is narrow (nebular) and strong (Kehrig et al.
2015, 2018), and large high-metallicity star-forming galaxies e.g.

MB83 (Hadfield et al. 2005) and a few galaxies in the CALIFA survey
(Miralles-Caballero et al. 2016), which contain many WCs as well
as WN-type WR stars, giving broader lines than the He 11 seen here.
This metallicity divide between narrow-line sources and WR stars
as the dominant types of He Il emitter was seen in SDSS galaxies by
Brinchmann, Kunth & Durret (2008, fig. 14).

The FADO measurement of total He I1 is probably an upper limit as
it could include some flux from broader features remaining after the
stellar spectrum was subtracted, whereas as noted above our fluxes
from double-Gaussian fitting on top of the ‘bump’ in single-spaxel
spectra may be underestimated. The difference is a factor 1.65, so we
could estimate the probable number of WN stars in the central nebula
as in the range 192 to (1.65 x 192) 317. Another estimate is from
the broad He 11 flux in the 7-component fit to the nucleus spectrum,
121.2 (£8.0) units, which corresponds to 3.68 x 10*® ergs~!, and
301 (£20) WR stars. This is slightly higher than the number of WNL
stars estimated for this galaxy (225) by Karthick et al. (2014), and
lies between the estimates of Noeske et al. (2000) and Fernandes
et al. (2004).

In addition, narrow (nebular) emission makes up 36 per cent of the
total He I1 14686 in these fits, 68.5 units (2.08 x 10*® ergs~!), and
as we saw its sources are more widely distributed, over the whole of
the nucleus and spur regions (though not detected elsewhere). The
Spur emits about 7.5 units of this, and is a strong source of narrow
He 11 with its He 11/H § ratio coming to 0.018, almost equal to that of
the nucleus from a narrow component alone.

Our 7-component fitting also suggested that a fraction of the ‘blue
bump’ flux might come from a very broad feature such as C 111 A4650
— our fit estimated as 87 £ 15 flux units, but the uncertainty will be
greater because of uncertainty about its shape and the background
level. The corresponding luminosity divided by the mean blended
Ci/He I luminosity of WC stars in the Large Magellanic Cloud
from Crowther & Hadfield (2006, table 2), 5 x 10 ergs~!, gives an
estimate of ~53 WC stars (in approximate agreement with Karthick
et al. 2014). Our detection of broad and narrow He 11 with different
distribution is a much stronger result (>100), yet might require
higher spectral/spatial resolutions to explain.

7 SUMMARY AND CONCLUSIONS

We obtained integral field spectroscopy of the nearby dwarf
‘cometary’ starburst galaxy NGC 4861 using PMAS on the 3.5m
Calar Alto telescope in Spain. Our pointing on the bright southern
third of the galaxy contains a structure known as Markarian 59,
centred on a high surface-brightness starbursting nucleus and giant
H 11 nebula, and also includes one end of a lower surface brightness
northern component, which is an edge-on disc galaxy. Following
earlier studies (e.g. Barth et al. 1994), we begin by mapping the Ho
emission of the galaxy within our field of view, and we also compare
with HST broad and narrow band imaging. From Ho emission,
we estimate a total SFR of 0.47-0.52 Mg yr~! (in agreement with
Karthick et al. 2014). The greater part of this is taking place within the
1 kpc diameter central nebula, but there is also active star-formation
within an adjacent nebula we termed the ‘spur’, two ‘hotspots’ to the
north, and elsewhere in the galaxy, including the northern component.
The Ho equivalent width varies from 100 A (northern component)
to a peak at more than 1000 A, and the sSFR is estimated as at least
3.5Gyr\.

The excitation ratio [O111] A5007 /Hp is high over Mrk59 and peaks
at 7.35 in the giant nebula, a similar ratio to that in the starburst
galaxies known as ‘green pea’ or ‘blueberry’ galaxies. This could be
a combination of the high star-formation density (2 Mg yr~! kpc=2
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at the very centre), young age and the metallicity, low but not
extremely low. There is a second, smaller and less high, peak in
excitation which involves only the ‘hotspot 2” within the northern
component, where star-formation more than doubles the ratio. The
[N11] 26584 /Ha ratio remains low everywhere, pointing to a non-
AGN galaxy with metallicity (estimated from strong line ratios)
12 + log(O/H) =~ 8.0 in the central giant nebula increasing to 8.20
in the northern component (in agreement with e.g. Noeske et al.
2000, fig. 12). From [O 111] AA4363,5007 and [S 11] AA6717,6731 line
ratios we estimate electron temperature T, = 12768 K and density
n, = 62 cm~, and a similar metallicity.

We map the line-of-sight kinematics. There are some lower
velocity motions (up to 40km s~') of the nebular regions in the
southern component, and we select one region as being blueshifted.
The visible part of the northern component is redshifted by ~25 km
s~! relative to the southern and this is probably due to the gradient
in disk rotation, as seen by Thuan et al. (2004). The galaxy does
not seem be producing outflows above the escape velocity needed to
expel gas (van Eymeren et al. 2009), and any of lower velocity will
fall back as a ‘fountain’. As we discuss, the galaxy is more likely to
be gaining HI.

We use the recently developed FADO spectral synthesis package
to analyse more than 1000 spectra in the data cube, and attempt
to reconstruct the spatially resolved star-formation history. This
generated maps of luminosity-weighted and mass-weighted mean
stellar age, which appeared noisy. However, when the ages are
averaged over larger regions (of 16 to 115 spaxels here), a strong
age gradient emerges: youngest are the nucleus, spur and maximum
EW regions (near the Mrk 59 centre), older are hotspot 1 and
the blueshifted region, oldest are the hotspot 2 and the northern
component.

The star-formation histories can be better time-resolved by running
FADO on spectra summed over these regions. The nucleus and spur
are seen to have formed in continuous bursts over the past 125 Myr
and have a large component of <10 Myr age stars. The other regions
have an intermediate-age population of ~1 to 2 Gyr old stars, plus
a component of very young (<10 Myr) stars with its visible-light
contribution ranging from 2 per cent for the northern galaxy ‘region
5’ (which has a post-starburst spectrum), up to 55 per cent for hotspot
1 (with strong emission lines). Hotspot 2 is similarly a new starburst
on top of a more massive intermediate-age population. This bimodal
star-formation history resembles that fitted by Noeske et al. (2000),
while Amorin et al. (2012) fitted similar mixtures of young and older
stellar populations for other ‘green pea’ galaxies.

We also investigate the emission in HeliA4686, which requires very
high energies and was detected from the giant nebula in previous
studies. As first demonstrated in Kehrig et al. (2008), we show
the power of IFS to investigate the He Il emission and WR content
allowing us to present here a new view of the He I origin in NGC
4861.

The line FWHM varies with position, so that the He 11 line could
be considered as a mixture of narrow and broad (15 A) components,
which we quantify and map by fitting double-Gaussian profiles at
the one-spaxel level. We find approximately two-thirds of the He It
flux is a broad component emitted from the centre of the giant nebula
and could be explained by the presence of ~300 Wolf-Rayet stars
of the Nitrogen type (confirming that much of the stellar content
here formed less than 10 Myr ago). The remaining third is a narrow
(nebular) component emitted from a more extended region —all of the
central nebula and the adjacent nebula we termed the Spur. Produced
up to 1 kpc distant from the WR stars, this line may be emitted by
other types of very hot stars associated with nebulae, but the source of
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ionization remains something of a mystery. However, on the basis of
previous studies, such a mixture of WR/broad He 1 and other/narrow
He 1l may be as expected at this intermediate metallicity. There is
weaker evidence for broader emission such as C 1A4650, which if
confirmed might be from Carbon-type WR stars.

NGC 4861 appears to be a low surface brightness disc galaxy
which formed relatively recently, 1 to 2Gyr ago. The SFR then
declined but reactivated ~108 yr ago until the present day, with
continuous starbursts, throughout the galaxy where it created
hotspots, and especially at its southern end, where it formed a giant
nebula and millions of stars. This major starburst event evolved
the galaxy into an asymmetric ‘green pea’ or ‘blueberry’ galaxy
(depending on where these are divided by mass), or blue compact
dwarf.

The question is, how was this second burst triggered and fuelled
when NGC 4861 appears not to be interacting or merging with any
galaxy. VLA observations (Thuan et al. 2004; van Eymeren et al.
2009), however, show the galaxy is very gas rich with an asymmetric
H1 envelope more extended than the stars (My, > 10° M), and is
also close to a star-free HI cloud, which could have been involved
in triggering star-formation. As it is in such a gas-rich environment,
maybe NGC 4861 already collided and merged with a large H1
cloud resulting in gas inflow on the south side of the disc. This has
been suggested for the formation of ‘cometary’/‘tadpole’ galaxies in
general and could produce a lowered metallicity at the galaxy head
(Sénchez Almeida et al. 2013), or a more uniform composition due
to rapid mixing (Lagos et al. 2016); NGC 4861 may be intermediate
with [N 11]/Ho suggesting a small Z gradient, 0.2 dex upwards from
the giant nebula to the disc.
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