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ABSTRACT

The progenitor of SN 2005cs, in the galaxy M51, is identifie¢pre-explosion HST ACS
WFC imaging. Differential astrometry, with post-explasidCS HRC F330W images, per-
mitted the identification of the progenitor with an accuradéy0.01”. The progenitor was
detected in the F814W pre-explosion image with 23.3 £ 0.2, but was below the detection
thresholds of the F435W and F555W images, Witk 24.8 andV < 25 at5o. Limits were
placed on the U and R band fluxes of the progenitor from préesign HST WFPC2 F336W
and F675W images. Deep images in the infra-red from NIRI eritie Gemini telescope were
taken 2 months prior to explosion, but the progenitor is tedudy detected on these. The up-
per limits for the JHK magnitudes of the progenitor were: 21.9,H < 21.1 andK < 20.7.
Despite having a detection on only one band, a restrictieetsal energy distribution of the
progenitor star can be constructed and a robust case is hatté progenitor was a red
supergiant with spectral type between mid K-type to lateylettype. The spectral energy
distribution allows a region in the theoretical HR diagranbe determined which must con-
tain the progenitor star. The initial mass of the star is tansed to beMz 45 = 9Jj?2’M®,
which is very similar to the identified progenitor of the type SN 2003gd, and also con-
sistent with upper mass limits placed on five other similaeSRhe upper limit in the deep
K-band image is significant in that it allows us to rule out thassibility that the progeni-
tor was a significantly higher mass object enshrouded in aahe®on before core-collapse.
This is further evidence that the trend for type 1I-P SNe is&ain low to moderate mass red
supergiants is real.
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1 INTRODUCTION 2003b). Li et al. [(200%a) report the identification of a yellsu-
pergiant progenitor for the the type IIP SN 2004et. Recently
Maund et al.|(2005) and Maund & Smaitt (2005) have placed lim-

Stellar evolution models predict that stars with initial ssas> it CCSNe. of vari i h it td
8M end their lives in a core-collapse induced Supernova (CC- IS on €, of varlous fypes, Whose progen or§ were not de
tected on pre-explosion imagirlg. Maund & Smertt (2005) demo

SNe), and the CCSN mechanism is also related to the energetic ' ) ) e
strate the importance of high resolution post-explosioagimg of

gamma-ray burst (GRB) phenomenon_(Mathesonlét all 200&). Th ) s ) ) .
study of the progenitors of CCSNe is essential to both theernd SNe, using d|ffe.rent|al astrometry' to !ocate (with subepiaccu-
standing of the evolution of SNe and the massive stars which p racy) the progenitor on pre-explosion images.
duce them. Fortuitous pre-explosion observations of tlogei-
tor can allow the determination of the evolutionary statéhefstar
prior to SN explosion. The progenitor of SN 1987A was founbeo
a blue supergiani_(Walborn et al. 1989), whereas the prtweoi In this letter we report the identification of the pro-
SN 1993J was identified as red supergiant with a UV excessadue t genitor of the Type 1l SN 2005cs in M51, the “Whirlpool

a hot binary companion_(Aldering etial. 1994; Maund et al.2QJ00  Galaxy.” SN 2005cs was discovered by _Kloehr et al. (2005)
In the cases of SNe 1987A and 1993J the direct observatidghe of on 2005 June 28.905. The SN was spectroscopically classi-
progenitors have helped explain peculiarities in the SNastpns fied as a Type Il by _Moadjaz etall (2005), with P-Cygni pro-
themselves. The progenitor of the type IIP SN 2003gd wagiiden files of the Balmer and He lines. Richmond & Modjez (2005)
fied as a red supergiant, the canonical prediction of steitatu- and|Li etal. (2005b) reported the identification of two diffe
tion models for this type of SN_(Smartt el al. 2004; Van Dykleta ent stars as possible progenitors for this object: a blue and
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Table 1. Pre-and post-explosion observations of the site of SN 2005ed
in this paper.

Pre-explosion imaging

2005 Jan 20-21  ACS/WFC F435W 2720
ACS/WFC F555W 1360
ACS/WFC F814W 1360
ACS/WFC F658N 1360
1999 Jul 21 WFPC2 F336W 1200
WFPC2 F675W 500
2005 April 29 NIRI  J(G0202) 500
NIRI  H(G0202) 500
NIRI K (G0202) 625
Post-explosion imaging
2005 June 28 HRC F330W 480

red star respectively. SIMBADgives the position of SN 2005cs
asasooo = 13"29™53.837,82000 = 47°10'28.”2. This implies an
offset between SN 2005cs and the centre of M5Aaf= 15 and

A§ = —T72.6", or 3kpc at a distance of 8.4Mpc_(Feldmeier et al.
1997, with P.A. and inclination of M51 as quoted by LEDAs
163° and47.5° respectively). While this paper was in the process
of submission, a similar study was submitted to the Astretaf
Journal by Li et al.[(2005c). There are some differences énréh
sults of the two studies and we briefly highlight them in tleigtdr
where appropriate.

2 OBSERVATIONSAND DATA REDUCTION

The pre- and post-explosion images analysed here are suseahar
in Table[l. Pre-explosion images of the site of SN 2005cs were
available in the Hubble Space Telescope (HST) archiveith
multi-colour imaging with the Wide field Planetary Camera 2
(WFPC2) and Advanced Camera for Surveys (ACS) Wide Field
Channel (WFC). Individual HST WFPC2 observations were re-
trieved from the STScl archive. These observations were cal
brated with the On-the-fly-recalibration (OTFR) pipelifide site

of SN 2005cs was located on the WF2 chip in the 1999 WFPC2
WF2 observations, which has1” px~'. The WFPC2 observa-
tions were combined for the extraction of cosmic rays and cor
rected for geometric distortions. Aperture photometry vileen
conducted on these images using DA T1. PSF photometry was
conducted on the WFPC2 observations using the Pt83T pack-

age (Dolphin 2000). HSAHOT includes corrections for chip-to-
chip variations, charge transfer efficiency and transfdiona from

the WFPC2 photometric system to the standard Johnson4@ousi
magnitude system. The WFPC2 pre-explosion observation com
plemented the ACS pre-explosion imaging with observations
F336W and F675W (approximately U and R respectively).

The ACS pre-explosion images were acquired as part of pro-
gram GO-10452 (PI: S.V.W. Beckwith), which conducted adarg
deep mosaic of M51 (NGC 5194) and its companion NGC 5195.
These observations were in four bands F435W, F555W, F814IN an
F658N. The drizzled combined mosaic frames were availabta f

L hittp://simbad.u-strasbg.fr/sim-fid.pl
2 http : //cismbdm.univ — lyon1.fr/ leda/
3 http://archive.stsci.edu/hst/

STSck, with scale0.05” px~!. Aperture and PSF photometry was
conducted on the mosaic frames using thdRIAF implementation
of the DAORHOT algorithm. Empirical aperture corrections were
applied to the data, with the charge transfer inefficiencyemions

of IRiess & Mack I(2004) and the colour transformation equmstio
and updated zeropoints|of Sirianni et al. (2005).

Infrared pre-explosion observations of the site of SN 2805c
were conducted with the Gemini North Telescope Near Infra-
red Imager (NIRI) in theJH K bands. These observations were
conducted as part of program GN-2005A-Q-49 (PI: S. Smartt).
The f/6 camera of NIRI was used to provide imaging with scale
0.117" px~*. The observations were split into a series of short
sub-exposures, to overcome the sky background, with srffisdite
between each sub-exposure. On completion of the seriessef-ob
vations on target, a comparable series of short exposusekeie
offset was immediately acquired to measure the levels dRtsky
background. The NIRI images were reduced and combined, with
sky subtraction, using theRAF geminipackage of reduction tools
for the NIRI instrument. Photometry on the JHK images wasedon
by PSF fitting within the IRAF implementation of DAOPHOT. The
zero-point of the NIR filters was determined using two stadda
stars (UKIRT Faint Standards 133 and 136) taken before and af
the science frames. They gave comparable results, and sedge
that the period of the observations was stable and photamétre
image quality wa$.5” in K and0.6” in J andH.

Post-explosion ACS/HRC imaging was conducted as part of
program GO-10182 (PI: A. Filippenko). These observatioesew
were acquired in the near-UV, with the closest filter to th&aah
being the F330W-{ U). These were photometered in a similar way
to the pre-explosion ACS/WFC observation using theRRAF’s
DAOPHOT. The same corrections were applied, although the mag-
nitudes were left as in the ACS VegaMag photometric system as
standard calibrations for filters used in this observing am not
available.

The geometric transformation between the F555W images of
WFPC2 1999 observations with 2005 ACS/WFC observations was
calculated, using therlarF taskgeomapwith 11 common stars. X-
and Y- offsets between the F555W image and other filter images
from the same observing run were calculated by cross-eaimgl
the images, using theTSDAS crossdriztask with the offset calcu-
lated from the cross correlation image ussgigftfind The geomet-
ric transformation was also calculated between the 2005ACE
F814W image and the NIRI J-band image, with the shift calcu-
lated between the ACS/WFC F555W and F814W images applied
to bring the transformed NIRI J-band image to the same coateli
system as the ACS/WFC F555W image. Similarly to the HST pre-
explosion observations, offsets between the J-band imadytha H
and K images were calculated using the cross correlatiohadet
Adopting the same error analysislas Maund et al. (2005) we use
the sum in quadrature of the positional uncertainties inréfer-
ence image and transformed image and the r.m.s. uncertdititg
transformation, bygeomap as the uncertainty in transforming the
position of a star from one image to another. The positioretinc
tainties on the individual images were assessed by megstimn
scatter in the positions of the stars, measured using thecf
tering algorithms of DAOROT, of all the stars used to calculate
the geometric transformation. The individual image positincer-
tainty was taken as the sum in quadrature of the mean scatier a
standard deviation about this mean in both the X and Y desti

4 http : //archive.stsci.edu/prepds/m51/datalist.html



3 OBSERVATIONAL RESULTS

SN 2005cs was detected in the post-explosion ACS/HRC F330W
imaging withmpssow = 15.04 + 0.1. The position of SN 2005cs
on the post-explosion frame was calculated to withif.002” .
The position of the SN position on the pre-explosion ACS/WFC
F435W was identified to withi).009” (which is the combined
uncertainties on the determinations of positions on the arel
post-explosion images and the geometric transformatidrpro-
genitor star is significantly detected on the F814W imageh wit
mrs1aw = 23.26 £ 0.03. There is no object in the pre-explosion
F435W and F555W images, and we estimatedetection lim-
its of mpassw = 24.9 andmpsssw = 25 (using the methods of
Maund & Smartt 2005). In order to add further limits to the spe
tral energy distribution (SED) of the progenitor, we detizraal
the limiting magnitude of the the WFPC2 F336W and F675W im-
ages. Due to the lower resolution of these images compartsbto
ACS, the progenitor position was too close to the brightgecth
to the south to allow accurate simultaneous PSF fitting. Blenc
large (6 pixel) aperture flux was determined at the progepibsi-
tion, and the flux of stars which had well determined indiadu
small aperture photometry was subtracted. This suggebtre t
was no residual flux from any object brighter thapssew = 21.1
andmprg7sw = 23.6. |Liet all (2005¢) report a magnitude 6f=
24.15 £+ 0.2 for the progenitor which is significantly fainter than
our measurement. We have extensively checked our ACS photom
etry and zeropoints using several methods (e.g. DO pdid sev-
eral alternative experiments with PSF and aperture phdtgijrend
also compared the F814W magnitudes (from HSTphot and our own
estimates) of faint isolated stars in WFPC2 archive imagtsour
ACS measured magnitudes. We find consistency in our analydis
report the progenitor magnitude as-siaw = 23.26 = 0.03. The
limits in the other bands are in reasonable agreement.

The location of the SN on the pre-explosion Gemini NIRI
imaging was identified to withifn.078”. There is aJ H K source
clearly detected close to the position of thband progenitor, how-
ever its position is more thans2away and hence is not spatially
coincident with progenitor. This object has also been deteby
Lietall (2005C) in NICMOS pre-explosion images, and is cgin
dent with the/-band star to the north west of the progenitor. At the
position of progenitor in the H K NIRI images, the flux does ap-
pear somewhat higher than the surrounding back-groundjien
the ground-based resolution there is no evidence for deteof
a single source. A further check was performed to deternfiae t
no object could be detected in the K-band. The bright objeetre
subtracted off by PSF fitting, and fainter objects were iifieat on
the resultant frame. After three iterations of PSF fittingl anb-
tracting a boxcar median filtered image was constructedchvhi
should be representative of the varying galaxy backgrodinis
was subtracted off the original frame and the photometrac@r
dure was repeated. There was evidence of a single pointesatirc
the progenitor position. The detection limits in thé&/ K -band im-
ages where determined at the SN position. In the first instate:
tistical calculations of the@detection limits were determined from
the detector characteristics and the sky noise. This wapawd
with the measured magnitudes of the faintest real objedtsimm-
ages which could be visually identified and which were both we
fit with a PSF and subtracted off cleanly. The Galculated limits
were significantly fainter (by-0.7 mag) than these objects, but the
50 limits agreed well with the magnitudes of the faintest searc

5 http://purcell.as.arizona.edu/dolphot/
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measured in the image. Hence we adopted thdifbits, which
are:my = 21.9, mg = 21.1 andmg = 20.7. The JH limits are
consistent with the NICMOS limits reported by _Li el al. (2€)5
although the additionak’-band upper limit we present has signifi-
cant implications (see Section 4.3).

4 DISCUSSION
4.1 Estimates of metallicity of the progenitor region

HIl regions around M51 were spectroscopically studied by
Bresolin et al. 1(2004) for the purposes of abundance arsalysi
The sight line corrected angular distance of SN 2005cs angu-
lar distance is74.5” or 0.23R, (where Ry is the characteris-

tic radius which| Bresolin et al! (2004) give &s4’). The oxy-
gen abundance, at the radius of SN 2005cs, was calculated to
be 12 + log(O/H) = 8.66 + 0.11, which is similar to abundance

in the Hil region CCM56 (8.58dex) closest to SN 2005cs.
Bresolin et al.|(2004) point out that their new abundancerdeit
nations which are based on directly determined electrompéea
tures are significantly lower than previous estimates in M54

that the previously reported very metal rich abundancedilely

to have been inaccurate. As_Asplund et al. (2004) give thar sol
oxygen abundance &66 + 0.05, this implies that the metallicity
appropriate for SN 2005cs and its progenitor star is vemtyiko

be in the ranga + 0.3Z

4.2 Estimates of Reddening

Maodijaz et al. [(2005) reported the presence of Galactic ared ho
components of the NalD lines in an early spectrum of SN 2005cs
They reported that the equivalent width of the host-galaompgo-
nent was similar in strength to the Galactic component ohD.2
Turatto et al.|(2003) provide relationships between thensfth of
the NalD absorption and the reddening from intervening omadi

If one assumes that the strengths of the two NalD componeays m
be added then the total NalD line strength implies a reddebé:
tweenE(B — V) = 0.05 — 0.16Bresalin et al.l(2004) record the
reddening coefficieriil 3 for the nearby HIl region CCM 56 of 0.23
which corresponds t&'(B — V') = 0.16 with a Galacti¢_ Howarth
(1983) reddening law. The three colour photometry of recesup
giants B — V' > 0.2) within 2” of SN 2005cs was also used
to estimate the reddening as detailed_in_Maund & Smartt (P005
Stellar positions were plotted on a two-colour diagrabh{ V
vs.V — I) and compared with a theoretical supergiant colour se-
guence. The weighted mean displacement of the stars’ pasiti
along the reddening vector, from the theoretical coloumusage
provided a measure of reddening. This technique yieldedue e
E(B —V) =0.12 £ 0.01, and we hence adopt a reddening of as
E(B — V) = 0.14 £+ 0.02 throughout the rest of this paper.

4.3 TheProgenitor of SN 2005cs

There is a clear and unambiguous detection of the progeaoitor
SN2005cs in the ACS F814W image. As we have only one de-
tection, the colour of the star makes the transformatiomfthe
F814W to standard Johnsdm little uncertain, and indeed all the
transformations between the ACS filters and standaVdR1I are
subject to a similar uncertainty. However from the non-diéves

in the other bands, we can confidently say that it was a redater
than mid K-type and the corrections between the ACS and éohns
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Figure 1. Pre- and post-explosion images of the site of SN 2005cs in. lpPost-explosion ACS/HRC F330W image of SN 2005cs, thesdnairs indicate
the centre of the PSF. b) Pre-explosion ACS/WFC F555W imiagehich the progenitor is not detectediiors55w = 25 at5o. ¢) Pre-explosion ACS/WFC
F814W image, the progenitor is detected in this image, atdit by the cross hairs, withggi14w = 23.26. d) Pre-explosion Gemini J-band image. €) Pre-
explosion Gemini NIRI H-band image. f) Pre-explosion Geriirband image. The images are aligned to the reference AES/\W555W image (panel b),
such that North is up and East is left.
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V' RI system are at most 0.2 mag, if the star was at the extreme
M5 cool end(Maund & Smaritt 2005). Hence in the rest of this dis
cussion we interpret the ACS filter magnitudes as stanBardR 1,

and the relatively small uncertainties are included in tinereanal-

ysis. The non-detection of a source in tB& R-band images is a

very robust argument that the star was red. The spectrajgdes-
tribution of the progenitor star iV RIJH K is shown in Fig. 2. g
This is consistent with a red supergiant which is between Kb a

M5. The star cannot have had bluer colours than a mid K-type, o I

it would have been detected in theR-bands. I
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Although there is a range in possible spectral types thatdvou
fit the stellar SED, we can still set restrictive luminositydamass
limits on the red progenitor star. Using the standard refgdelaw
of ICardelli et al. ((19€9), it has — I)o > 1.52, which corre-
sponds to a supergiant redderetl;an a)pproximately K3 (Eliabk e Wavelength /A
1985). The effective temperatures of red supergiafits— I)o Figure 2. The spectral energy distribution of the progenitor is caised
colours and bolometric corrections from Elias etlal. (198%) also by theI-band detection, and the upper limitslin?J H K .The star cannot
Drilling & Landoli (2000) can then be used to determine a timra have been bluer than a mid K-type, or it would have been dleict the
box in the theoretical HR-diagram. This is shown in Fig. 3hvie \% andl_% bands. Thel colours of the K5Ia—M4I§b supergla_mts Wheren_take
stellar evolution tracks form the Geneva group plotted at Z, from Elias et z?l. (1985), and scaled f623.26 with appropriate reddening

as discussed in the text.
(Meynet et all 1994). The range log L at a constanf,.z comes
from the quadrature combined errors in distance, reddenieg-
suredI-band magnitude (including colour correction), and bolo- and indeed the position of the progenitor is closer too7M their

L L L L L L L L L L L L L
1.5x10% 2x10*

metric correction (assuming plus or minus one spectralypat figure. The difference of 1 magnitude in tlieband is responsi-
We can place quite a restrictive box on the location of thested ble for the higher mass that we report, although within thersr
pergiant progenitor in the HRD, even with a detection in amhg the two studies are in agreement. This is a very similar mass t

band. The star was likely to have been a red supergiant édlinit that derived for the progenitor of SN 2003gd, which was also a
mass QQM@. Li et all (2005¢) report an initial mass &f— 9Mg, red supergiant of initial massf%MQ (Smartt et all_ 2004). Both
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Figure 3. The position of the progenitor of SN2005cs is restrictedean
the grey shaded region. The evolutionary tracks are theoi@ting models
from the Geneva group (Meynet et al. 1994) and the point vaghetrror bar
is the position of the progenitor of SN 2003gd which was aeolbw mass
red supergiant progenitor.

these supernovae were of type II{P_(Li etlal. 2005¢; Hendallet
2005) and future comparison of the photometric and speetal
lution of SN 2005cs will determine how similar they actuadise.
As pointed out by Smartt etlal. (2004) end Li et Al. (2005@rétis
growing evidence that SNe II-P tend to arise in red supetgiaith
masses lower thar15M,. There are restrictive mass limits, or de-
tections, now set for seven SNe II-P (SNe 1999br, 1999en9di99
2001du, 2003gd, 2004et, 2005cs) and none of them are higier t
15My (Maund & Smarii 2005; Smartt etlal. 2003;_Li eflal. 2005a;
Van Dyk et al.| 2003a.b). One possibility often suggested xo e
plain this is that the progenitors may be dust enshroudedued
pergiants and hence appear lower mass and lower lumindgity.
though the SNe themselves are not reddened, a plausiblarscen
is the destruction of this dust by the explosibn (Graham &Kikei
1986). However the deef-band image argues against this sce-
nario. Even if the visual extinction were as highAs = 5, the
K—band images would be sensitive to stars withc < —9.5,
and with the bolometric corrections lof Elias et al. (19853 im-
plieslog L/Ls < 4.6. Even when conservative errors on the dis-
tance, limiting magnitudes and bolometric correction aduded
(resulting in+0.2 dex), Fig. 3 shows that this rules out red super-
giants with masses greater than 12M

In summary, this letter presents the unambiguous deteafion
a red supergiant as the progenitor of SN 2005cs. We showttbat t
likely initial mass for the star was in the ran@éz arrs = 9" 3Mg.
This adds to the emerging argument that all type 1I-P sup&o
lie in the low to moderate mass range of red supergiants. phe u
per limit from the deepK-band image is evidence that these are
not dust enshrouded higher mass objects that have theiogsco
destroyed in the explosion.
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