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Abstract We investigate the spatially resolved specific star foromatate (SSFR)
in the inner~40 pc for a nearby Seyfert 2 galaxy, M51 (NGC 5194) by analyzin
spectra obtained with thidubble Space Telescope (HST) Space Telescope Imaging
Spectrograph (STIS). We present 24 radial spectra meaalored the STIS long slit
in M51, extending~ 1” from the nucleus (i.e., —41.5 pc to 39.4 pc). By simple stella
population synthesis, the stellar contributions in thesbal optical spectra are mod-
eled. Itis found that the mean flux fraction of young stellapplations (younger than
24.5 Myr) is about 9%. Excluding some regions with zero yoftlag fraction near
the center (from —6 pc to 2 pc), the mean mass fraction is ab@926. The young
stellar populations are not required in the center inn8rpc in M51, suggesting a
possible SSFR suppression in the circumnuclear regiob pc) from the feedback
of active galactic nuclei (AGNs). The radial distributioh®SFR in M51 is not sym-
metrical with respect to the long slitin STIS. This unsymrioa SSFR distribution is
possibly due to the unsymmetrical AGN feedback in M51, whsctelated to its jet.
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1 INTRODUCTION

Star formation history in galaxies is intimately relatedjadaxy evolution, as well as to the evolution
of central supermassive black holes (e.g., Kennicutt 1988naine et al. 2002; Asari et al. 2007,
Chen et al. 2009). It has been suggested that star formatieirdumnuclear regions in Seyfert
galaxies is suppressed (e.g., Wang et al. 2007). Also, alsiin this field have found that there is
a correlation between the mean specific star formation ratdtee Eddington ratio, suggesting that
active galactic nuclei (AGNs) are possibly triggered byesmpva explosions in the circumnuclear
regions (e.g., Chen et al. 2009).

With high angular resolution, radial spectra obtained it Hubble Space Telescope (HST)
Space Telescope Imaging Spectrograph (STIS) provide anidarmation on the host and central
accretion processes in active galaxies (e.g. Spinelli.20dl6; Rice et al. 2006). For some nearby
Seyfert 2 galaxies, their central engines are obscureddrya,twhich enhances the contrast between
the stellar light from their host and the nuclear continuwamt the central accretion disk. In order
to investigate the radial star formation rate in circumeaclregions of AGNs, a nearby Seyfert 2
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Table 1 M51 Observations b{AST STIS

Data Dataset Exposure Time  Grating Aperture Center Wagtlen A\
(s) (A) (A)
1998 Apr2  O4R401090 1858 G430M 52 x 0.2" 4961 282
1998 Apr2  O4R4010A0 600 G430M 52 x 0.2 4961 282
1998 Apr2  O4R4010B0 2066 G430L 52" x 0.2"” 4300 2807
1998 Apr2  O4R4010CO 1020 G430L 52" x 0.2” 4300 2807
1998 Apr2  O4R4010DO0 1644 G750L 52" x 0.2"” 7751 4987
1998 Apr2  O4R4010EO 25 G750L 52" x 0.2 7751 4987

galaxy, M51, is selected, and spectra from its central re@ia!0 pc) obtained fronkHST STIS are
analyzed.

This paper is organized as follows: Section 2 presents tteerdduction and the radial spectra.
Section 3 models the spectra by simple stellar populatiothggis (SSPS). Section 4 includes our
discussion and results.

2 DATA REDUCTION
2.1 HST STIS Data

M51 (NGC 5194) is a nearby Seyfert 2 galaxy with- 0.0015 (e.g., Spinelli et al. 2006). Searching
theHST archive for M51, there are six datasets observed by STIStiie by G430M, two by G430L
and two by G750L (Table 1). Checking these data, we find thatdatasets (i.e., O4R4010B0 by
G430L and O4R4010D0 by G750L) acquired in low dispersiotiigganodes are suitable for host
stellar population analysis, which provides continuouselength coverage spanning the spectral
region from 290 to 1pum (Bradley et al. 2004). The dataset by G430M has very narravelength
coverage @4800&— 5100&), which is not suitable for SSPS. The STIS plate scale i$0@7/@’
pixel~! and the slit length is 30 Given the distance to M51 of 8.4 Mpc” torresponds to 40.7 pc
and 1 pixel corresponds to 2.07 pc.

These STIS datasets by G430L and G750L give high spatidutéso (0.1’ or 4.1 pc) spectra
in the central region of M51. The spectra were acquired tiin@ab2"” x 0.2” orientation at a single
position angle of 168 and the radio structure is elongated along a position aoigles6” (east
of north, Bradley et al. 2004). The @\&ide slit was projected onto 3.75 STIS CCD pixels, which
corresponds to spectral resolutions of 18 ®r G430L and 18.3 for G750L (Bradley et al. 2004).

Because the active nucleus of M51 is obscured, which is éggdor a Seyfert 2 galaxy, the
AGN continuum is not apparent in our lower resolution G430Id &750L spectra. Instead, the
circumnuclear spectra exhibit strong features associatéda stellar population in the M51 host
galaxy.

2.2 Data Reduction in IRAF

From the STIS website, calibrated files were downloaded,elkas the reference files. Following
the STIS Data Handbook, one-dimensional spectra wereatatt&om the two-dimensional spectra
using the CALSTISx1d routine, which performs a geometric rectification and backgd sub-
traction. In order to investigate the radial spectra atedéht distances from the nucleus, we ex-
tracted spectra at different positions and with differéms of the extraction box, in reference pix-
els. Following Bradley et al. (2004), the nucleus of M51 welested between cloud 4 and cloud 5
(these clouds correspond to the narrow line regions in M51).

For STIS grating modes G430L and G750L, we extracted speacttilae same positions with
the same sizes as the extraction boxes. For G430L speatrayatelength coverage was 2991
— 57094, and for G750L spectra it was 5267— 102584. Considering the balance between the
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Fig.1 An example of the simple stellar population synthesis fopactum separated from the
nucleus by —12.5 pclop left: observed rfed line) and model flack line) spectra. The cyan line in
the bottom indicates the fit windowBottom left: residual spectrunRight: the distribution of flux
fraction top) and mass fractionbpttom) as a function of stellar age. The reducedand snr are
given at the top of the right panel.

number of radial spectra and the spectral signal-to-naise fsnr), the extraction box was from 1 to
4 pixels, corresponding to angular size®df51” —0.204” (line 3 in Table 2). There were 24 spectra
extracted at both sides of the nucleus, extendid§ (40.7 pc) from the nucleus (Figs. 1 and 2).

2.3 Simple Stellar Population Model

Spectra acquired by G430L and G750L have different wavéfecgverages. However, there is an
overlap between the spectra acquired by G430L and G750L.9ék thhe following steps to process
data from the Simple Stellar Population (SSP) model. Fatkspectra were resampled with\ = 1

A. Second, the spectra acquired by G750L were scaled to Ih@veame mean flux as those by
G430L in their common wavelength range of 5506 5600A. For this common wavelength range,
we used the spectra by G430L. Then we obtained 24 radialrspieotn M51, with a wavelength
coverage of 290A — 102584 (Figs. 1 and 2).

We use SSP synthesis (STARLIGHT; Cid Fernandes et al. 200Bdtel the stellar contribution
in the Galactic extinction-corrected spectrum in the restnie (Cid Fernandes et al. 2005; Bian &
Huang 2010). The Galactic extinction law of Cardelli et d41989) with R,y = 3.1 is adopted.
There are three files used by the code STARLIGHT, i.e., a bsex configuration file and a mask-
file for emission lines. The configuration file contains altlodé technical parameters which control
STARLIGHT, including the clipping threshold, limits for Bxction and kinematical parameters, and
limits for the intrinsic extinction.

We use 45 default templates in Cid Fernandes et al. (2005hveine calculated from the model
of Bruzual & Charlot (2003) with a spectral interval ofAlbetween 3322 to 9300A. The linear
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combination of 45 templates is used to represent the hogeksgectrum. These 45 templates are
comprised of 15 ages, from 1 Myr to 13Gyr, i.e.= 0.001, 0.00316, 0.00501, 0.01, 0.02512,
0.04, 0.10152, 0.28612, 0.64054, 0.90479, 1.434, 2.5, Bnt13 Gyr, and three metallicities,
7 = 0.2, 1 and 2.57; (Cid Fernandes et al. 2005). At the same time as the SSP fitddeaa
power-law component with a fixed slope of =05 (x A~%°) in the code to represent the AGN
continuum emission. Information about these 45 templatésted in the base-file, which is used in
STARLIGHT.
The synthetic spectrum is built using the following equatio

N.
My = My, ZIjbj,ATA ® G(vo,va) , 1)

j=1

whereb; » is thej'" template normalized at, = 4020 A, z; is the flux fraction at 4028, M, is
the synthetic flux at 4028, r, = 10~9-4(4x~4x0) js the reddening term by -band extinctiond,
adopted for the Galactic extinction law, a@dv,, vq) is the line-of-sight stellar velocity distribution,
modeled as a Gaussian centered at velagignd broadened by the velocity dispersignThe limit
is from 0 to 500 km s for v4, from =500 to 500 km's! for vy, and from 0 to 5 mag fory, which
are listed in the configuration file.

We exclude the AGN emission lines in the mask-file, such as ImBalines, [O11] A3727, [Ne
1] 23869, [O1] AN4959, 5007, [NII] A\6548, 6583, and [8] A\6717, 6731. We also limit the
rest-frame wavelength range from 33% 2 90004 to match the SSP templates.

The best fit is reached by minimizing reducgd between the observed spectrum and the
model spectrum with a simulated annealing plus the Metisgocheme. An example fit is shown in
Figure 1.

3 RESULTS AND DISCUSSION
3.1 The Flux/Mass Fraction for Young Stellar Populations

Through the above spectral synthesis, we can obtain theriietion z; and mass-fractiop; for
different stellar populations of ages and metallicitieeTmass—flux ratio can be found in the
STARLIGHT manual on the webpadptp://astro.ufsc.br/starlight/. An SSP model for a spectrum
taken from a point away from the nucleus by —12.5 pc is showFignre 1. The red curve is the
observedHST STIS spectrum by G430L and G750L. On the top left panel in fEdy the black
curve is the SSP fit with a linear combination of differentlatgpopulation templates. In the bottom
left panel, the cyan curve is the residuals. The right pamalvs the distribution of flux fraction as a
function of the age of the stellar population plates (topyl the corresponding distribution of mass
fraction (bottom). SSP models for all of the 24 radial speetre presented in Figure 2. Figure 3 is
the same as Figure 2 but for the spectral region of 3700-A20@etail.

Properties of 24 radial spectra of M51 are presented in TAbléese properties are described
as follows. Line 1 (top line): the sequence number of thealsgbectrum; line 2: the distance from
the nucleus in the unit of pc; line 3: the size of the extrathox in pixels; line 4: the snr of the radial
spectrum; line 5: the? of the SSP fit; line 6: the intrinsic extinction; line 7: thexlfraction of the
power law component; line 8: the flux fraction of the youndlateopulation ¢ < 0.102 Gyr); line
9: the flux fraction of the young stellar populatian< 24.5 Myr); line 10: the mass fraction of the
young stellar populationt (< 0.102 Gyr); line 11: the mass fraction of the young stellar pogatat
(t < 24.5 Myr).

In Table 2, the intrinsic extinction is needed in the fit, fr@h87-1.46. Regarding the age-
metallicity degeneracy, Cid Fernandes et al. (2005) meatathat this problem is presented in
STARLIGHT and introduces systematic biases in age and faestis of up to 0.1-0.2 dex. From
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Table 2 The Properties of 24 Radial Spectra in M51

Num (1) (2 3 @ ®) ® O ® 9 @0 @11y @12
Dis (pc) 415 -374 -332 -29.1 -249 -22.8 -20.8 -18.7 6-16145 -125 -83
Aper (pix) 2 2 2 2 1 1 1 1 1 1 1 2
snr 67 78 74 84 14 153 114 138 101 143 177 88
X2 251 231 078 087 280 320 132 158 085 147 216 0.34
Ay 123 127 091 132 078 091 079 069 066 053 039 0.37
plx% 0.00 000 000 000 000 002 674 260 510 4.17 10.44 015.7

youngxl (%) 0.22 0.00 1595 1574 6524 80.52 80.81 58.67 46.20904216.55 8.97
youngx2 (%) 0.22 0.00 1056 13.48 1.30 7.80 3.51 15.69 24.14 13.88561 8.97
youngml (%) 0.001 0.00 0.257 1.042 2716 4501 5.407 2.247 1.498401.0.294 0.048
youngm2 (%) 0.001 0.00 0.085 0.627 0.011 0.088 0.053 0.114 0.087610.0.116 0.048

Num (13) (14) (15 (16) (@7) (18 (199 (200 (21) (220 (23) (24)
Dis (pc) -4.1 center 4.1 8.3 125 145 16.6 187 20.8 249 3134
Aper (pix) 2 2 2 2 1 1 1 1 1 2 4 4

Snr 6.6 104 129 111 122 123 10 16.7 104 82 6.74 8
x> 0.20 0.71 152 057 124 092 059 187 083 036 035 1.64
Ay 0.41 0.82 145 121 101 074 070 037 053 076 127 146
pl_x% 2158 15.09 19.88 1494 0.00 7.45 142 000 3.74 384 0.000 O.

youngxl (%) 0.08 23.30 3158 5212 19.34 16.31 54.15 25.20 13.93386225.35 0.00
youngx2 (%) 0.00 0.00 4.14 11.72 19.30 16.07 14.13 11.88 13.93 0.0171 0.00

youngml (%) 0.000 0.588 1.042 1.832 0.101 0.151 2.107 0.456 0.093392 0.802 0.000
youngm2 (%) 0.000 0.000 0.038 0.112 0.100 0.140 0.04 0.08 0.09 00.@080 0.000

Notes: For the last four lines, yound and youngm1 are respectively the flux fraction and the mass fraction fo
t < 0.102 Gyr; youngx2 and youngm? are respectively the flux fraction and the mass fractior fg 24.5 Myr.

results of the simulation by Cid Fernandes et al. (2005}, siggested that the uncertainty in SSP
results can be given by the effective starlight snr at 4820 three age bins, i.e., “young (<
0.1 Gyr), “intermediate” (.1 Gyr < ¢ < 1 Gyr), and “old” ¢ > 1 Gyr). For the “young” age bin, the
errors in the flux/mass fraction are much smaller than tho#lea ages of “intermediate” and “old.”
For our spectra, the effective starlight snr at 4846 about 5-15. Based on table 1 in Cid Fernandes
et al. (2005), considering the “intermediate” and “old” agen uncertainty of 8%—14% can be given
for the flux-fraction and 7%—-10% for the mass-fraction. Hegreconsidering the “young” age, it
is 1%—-2% and 4%—7% for the flux-fraction and the mass-fractiespectively. The uncertainty in
the flux/mass fraction for the age of “young” is smaller thaattfor the ages of “intermediate” and
“old.” Therefore, 10% is adopted as their typical uncettaiin our SSP fit, the power-law slope is
fixed to —0.5. We tried other slopes, and found the result sHitte change.

In Figure 4, the flux/mass fraction is shown as a function sefatice from the nucleus of M51.
It is found that the mean flux fraction of young stellar popiolas ¢ < 24.5 Myr, the cyan line in
Fig. 4) is about 9%, excluding some regions near the centem(£6 pc to 2 pc). Excluding these
regions with a flux fraction from the young stellar populataf zero (from —6 pc to 2 pc), the mean
mass fraction is about 0.09%. If choosihg< 0.102 Gyr, the mean flux fraction of young stellar
populations is 34%, the mean mass fraction is 1.3%, and ttes finaction is also smaller in the
central region (the red line in Fig. 4).

3.2 Specific Star Formation Rate

Two widely employed methods to measure the current stardtiom rate (SFR) are by examining
the ultraviolet continuum and by using the emission lineldef, [O 11], etc. (Kennicutt 1998). For a
sample of 82 302 star forming galaxies from SDSS, Asari €R8I07) investigated the current SFR
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Fig.2 All of the 24 radial spectra with their SSP models, from —4dc5o 39.4 pc. The red lines

are the observed spectra and the black lines are the modetapehe distance from the nucleus is
presented at the left of each spectrum.

derived from the SSP synthesis and found that it is congistith that from the Hv SFR indicator.
They found that the Spearman rank correlation coefficigmitied to results from these two methods
show there is a strong correlation when the critical agelescgasd from 10 Myr to 0.1 Gyr. In our
paper, the current specific SFR (SSFR) is defined by the mefaR 8%er the past 24.5 Myr, i.e., the

mass fraction of the first 12 of the 45 templates describeckotiGn 2.3 with an age less than 24.5
Myr (Asari et al. 2007),

SFR 212, 4

SSFR(t < 24.5Myr) = M.~ 24.5Myr 2)

wherell, is the stellar mass.
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Fig. 3 Same as Fig. 2 but for the spectral region of 3700-4%00

The mean young mass fraction is 0.099%<(24.5Myr) and the current SSFR k 24.5 Myr) is
about0.037 £ 0.004 Gyr—! (Table 2, Fig. 4). The young stellar populations are not iregiin the
center inner8 pc in M51 (from —6.0 pc to 2.0 pc), suggesting a possible SSkipression in the
circumnuclear regions from the feedback of the AGNs. Caarsiid) the young flux/mass fraction
fort < 0.102 Gyr instead of < 24.5 Myr, the mean young mass fraction is 1.3% and the current
SSFR ¢ < 0.102 Gyr) is abou.13 4 0.013 Gyr~—!. The central SSFR is also smaller in the central
region. We also found that there are dips in the SSFR at the efigur measured region, around
40 pc away from the center.

The nucleus of M51 is selected between cloud 4 and cloud &viglg Bradley et al. (2004).
Cloud 4 and cloud 5 are all at7 pc from the nucleus. In figure 14 of Bradley et al. (2004)y tloeind
that the radio jet (8.4 GHz) is elongated with a position argbse to that of this measurement of
M51 with theHST STIS slit. From Table 2 and Figure 3, the region where youelipstpopulations
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Fig.4 Radial distributions of the flux fractiortdp) and the mass fractiorb¢ttom) of the young
stellar population fot < 0.102 Gyr (red line) and fort < 24.5 Myr (cyan line). The points on the
x-axis give locations where no young stellar population guneed in the SSP model.

are not requiredt( < 24.5 Myr) is not symmetrical with respect to the nucleus along $1dS
long slit. This suggests that the radial distribution of 83& M51 is not symmetrical with respect
to the direction along the long slit. The influence of AGN feadk on the circumnuclear region
is not symmetrical. This unsymmetrical SSFR distributispossibly due to the AGN jet in M51
(e.g., Bradley et al. 2004). Using the Submillimeter Arr&WA), which has a spatial resolution of
~10 pc when observing this target, Matsushita (2012) fouredtighly disturbed CO(2-1) molecular
gas features, which are perpendicular to the radio jet. & lobservations suggest possible AGN
feedback from the radio jet in M51. An AGN with strong jet aiti can have less star formation
in the circumnuclear regions, which is consistent with asuit. In the future, an integrated field
unit (IFU) onboard the James Webb Space Telescope is neededestigate the AGN-starburst
connection in the circumnuclear region.

4 CONCLUSIONS

With the high spatial resolution provided ST STIS (~2 pc), the radial stellar population in the
inner ~40 pc for the nearby Seyfert 2 galaxy M51 is investigated. fifa@n conclusions can be
summarized as follows:

(1) We present 24 radial optical spectra taken with the S@ihg Elit. These spectra cover the region
extending~ 1” from the nucleus (i.e., —41.5pc to 39.4 pc).

(2) By SSP, the stellar contribution to these radial optsgsctra is modeled. It is found that the
mean flux fraction of young stellar populations (youngentBd.5 Myr) is about 9%. Excluding
some positions near the center (from —6.0 to 2.0 pc), the meess fraction is about 0.09% and
the mean SSFR is about 0.087r 1.

(3) These young stellar populations are not required to kibdarcenter innex-8 pc in M51, sug-
gesting possible SFR suppression in the circumnucleasmediom the AGN feedback.
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(4) The radial distribution of SSFR in M51 is not symmetrieath respect to the STIS long slit,
which implies that the influence of AGN feedback on the cirouigliear region is possibly not
symmetrical. This unsymmetrical SSFR distribution is jldgsdue to the AGN jet in M51.
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