DDO 88: Inner Turmoil, Outer Calm

Caroline Simpson, Florida International University

Deidre Hunter, Lowell Observatory

P atricia M. Knezek, WIYN Observatory

Abstract

We present a n HI and optic a l study ofthe gas - ric h dwarfirre gula r ga la xy DDO 88. Although DDO 88’s globa l optica l and HI para me ters are nor mal for its morphologica l type, it hos ts a large (2 - 3 kpc dia me ter) and unus ua lly complete ring ofenha nced HI e miss ion located at a pproximate ly one - third the tota l HI radius and one - ha lf the optica lly - de fine d Holmb erg radius. The ring s urrounds a ce ntra l depress ion in the HI distribution. The HI ring is not e xpa nding and does not appear to be relate d to any recent large - sca le star formation. The star - for mation rate is modes t and is norma l for Im/Smga la xies. There is no star for mation in the outer re gions ofthe ga la xy be yond the ring. The norma l appe ara nce ofthis ga la xy in the optic a l a nd in the outer re gions ofthe HI, whic h e xhibits no unus ua l features, give no hint ofthe presence ofthe striking

HI ring in the inner re gions. This ma y plac e constra ints on what the outer re gions ofdIrr ga la xies ca n te ll us about the ir e volution.

Introduction

DDO 88 (NGC 3377A; UGC 5889), is a gas - ric h dwarfirre gula r ga la xy located in the Leo I group (M96).

Although loca ted only 7

� (15 kpc) to the northwest ofthe E6 elliptica l NGC 3377 and sep arated in ve loc ity

by only 93 km s - 1 , there is no e vide nce in either s yste mofdisturba nce, and so i t is unlike ly that the y are

interacting.

DDO 88 came to our atte ntion whe n 21 c mobservations tak e n with the VLA 1 indicate d the prese nce of

an appare nt ring ofHI surrounding the optica l body ofthe ga la x y (Simpson & Gottes ma n 2000). Although

these data suffered froma lack ofsens itivity, the s uggestion o fa large hole (2 ˘ 3 kpc ; D = 7.4 Mpc) in the

HI distribution was intriguing. There are exa mples ofother larg e holes in similar ga la xies (Wa lte r & Brinks

1999; W ilcots & M iller 1998; Puc he et a l. 1992; Sarge nt et al. 1 983), but this see med extre me.

Energy depos ite d in the inte rste llar medium(ISM) by vig orous episodes ofstar forma tion ha ve been

invoked to e xpla in the prese nce ofs he lls, holes, and fila me nts observe d in low - mass ga la xies (e.g. Stewart

et al. 2000; Wa lte r & Brinks 1999; Martin 1998; Me urer et a l. 19 98; Young & Lo 1996; Meurer et al. 1992;

Puc he et al. 1992; but see Rhode et al. 1999). The ISM in the st ar - for ming re gion is deple ted and/or heated

up a nd dispe rsed; the s urrounding cold, dense materia l is swept up a nd compress ed around the edges,

possibly triggering furthe r star formation. This e ffect s hould b e partic ularly strong on low - mass s yste ms

suc h as dwarfs (Mac Low & Ferrara 1999; de Young & He ckma n 1994) . We would the n e xpect to see the

outer re gions ofthe ga la xy to be perturbed as well.

To investigate the inte rpla y betwee n the inne r and oute r re gions of low - mass irre gular ga la xies, we

prese nt new 21c m a nd optica l (U, B, V, R, and H

� ) observations ofDDO 88.

1 The VLA isa facilityof the National Radio AstronomyObservator y, operated byAssociated Universities, Inc., under cooperative agreement with the

National Science Foundation

Oct 2002 Lowell Workshop Simpson, Hunter, & Knezek 3

Optical Morphology

We obta ined UBV ima ges ofDDO 88 us ing the

Lowe ll Observatory 1.1 mHa ll te lescope Marc h

1999 and April 2000. We also obta ined H

D ima ges ofDDO 88 during April 1995 with the Pe rkins 1.8 m telesc ope at Lowe ll Observatory. We also e mploy B,

R, and H D ima ges ofDDO 88 obta ined with the

Mic higa n - Da rtmouth - MIT Observatory 1.3 m telesc ope (Knezek, Se mbac h, & Ga lla ghe r 1999).

Our V - ba nd ima ge ofDDO 88 is shown in

Figure 1. DDO 88 c ha nges sha pe slightly becoming more round in the oute r parts, with the elliptic ity (1 ˘ b/a) c ha nging from 0.13 in the inner ga la xy to 0.03 in the outer parts. Ifthe intrins ic (b/a )

0

is 0.3 (Hodge

& Hitc hcoc k 1966), the observed outer (b/a) implies an inc lination of16

´ . Thus, the ga la xy is observed

close to face - on.

There is a lso an as ymmetry at low surface

brightness le ve ls, with the ga la xy s lightly more

exte nded to the north and northwest tha n to the south

and southeast. Howe ver, this kind ofoptica l

asymme try is see n in other irre gular ga la xies (e. g.

NGC 2366; Hunter, Elme gree n, & va n Woerde n

2001). Except for this s ma ll optica l as ymme try, we

see no signs ofdisturba nce in DDO 88 tha t could be

ascribed to a n interaction with its larger ne ighbor

NGC 3377.

Figure 1 : Fa lse - color logarithm

represe ntation ofthe V - ba nd

ima ge to allow comparison ofthe

inner a nd outer parts ofthe

ga la xy.

� 3.26 log SFR/area c (M

� 1 kpc � 2 )

0.0055

SFR c (M £ yr � 1 )

38.89 log L

H

D ,0

(ergs s � 1 )

0.52

^ 0.02

(B ˘ V)

0

(r=79

~ )

� 0.03 ^ 0.09 (U ˘ B)

0

(r=79 ~ )

� 15.34 ^ 0.02 M

B,0

(r=79 ~ )

0.70 ^ 0.01 D

V

(kpc)

21.97 ^ 0.04

P

V,0

(ma g arcsec � 2 )

2.6 R

H

(kpc)

1.2 R

H

(arc min)

1.8 R

25

(kpc)

0.83 R

25

(arc min)

0.01 E(B � V)

f b

7.4 D (Mpc) a

Value

Para meter

Table 1: Integrated Properties

Surface Photo metry

UBV s urface photo metry correcte d for reddening is

shown in Figure 2. Beca use the ga la xy is nearly

face - on, we used c irc ula r apertures inc re asing in

radius fro m 11.3 ~ to 79.4 ~ in steps of11.3 ~ .

Inte grated ma gnitudes a nd colors are give n in Ta ble

1 and a gree we ll with va lues in the literature. The

inte grated colors show that DDO 88 lies a t the red

end ofthe distribution ofa large sa mple ofI ma nd

Smga la xies in a UBV color - color plot (se e Figure

2 ofHunte r 1997).

In Figure 2, a linear fit to to P

V,0 in the inner

17 ~ ˘ 62 ~ is s hown as the solid line. DDO 88 is fit

well with a n e xpone ntia l disk profile having a

centra l V - ba nd surface brightness P

V,0 of 21.97 ^

0.04 ma gnitudes arcsec - 2 . Corrected to the B

passband, DDO 88 has a centra l s urface brightness

tha t is a little high a nd a disk sca le le ngth tha t is a

little low compared other late - type ga la xies (de

Jong 1996). Figure 2 indicates that as in most

irre gula rs, DDO 88 does not exhibit a ny major

color gradie nt with radius. There are no regions

other tha n sta r - forming re gions assoc iated with HII

regions tha t are significa ntly differe nt in color fro m

the rest ofthe ga la xy.

Figure 2 : UBV s urfa ce

photometry correcte d for

interna l redde ning (0.05 ma g)

and e xte rna l redde ning (0.01

ma g). The expone ntia l fit to the

V - ba nd s urface brightness

profile is s hown as a solid line.

Oct 2002 Lowell Workshop Simpson, Hunter, & Knezek 6

HI Morphology

DDO 88 was observe d us ing the D - a rra y and CS - arra y

configura tions ofthe VLA for 7.5 and 2.5 hrs,

respective ly. The separa te ly edited, calibrated, a nd

continuum - s ubtra cted data sets were the n combined in the

u - v pla ne a nd ima ge d us ing uniform weighting with a

ROBUST fac tor of ˘ 1 to produc e a data cube with both

good sens itivity a nd high res olution. See Table 2.

The D - arra y data lac k the resolution to detect any

structure in the HI distribution, and the map shows

essentia lly c irc ula r contours ofs moothly increasing de ns it y

towards the ce nter ofthe syste m. The HI c ontours on the V

band ima ge are shown in Figure 4.

128 128 128 No. ofChannels

0.98 mJy B - 1

1.26 mJy B - 1

0.71 mJy B - 1

Single channelr. m.s.

16.8

~

˘ 14.6~

14.5 ~ ˘ 13.1~

55.6 ~ ˘ 53.6~

Beams ize

2.6 kms - 1

2.6 kms - 1

2.6 kms - 1

Velocit yReso lut io n

1.56 MHz

1.56 MHz

1.56 MHz

Bandwidth

... 161 min

449 min

T ime on Source

... 1997 Sept 19

1996 Sept 20, 24

Observat ion Date

C+D CS - array

D - array

Table 2: VLA Observations

Figure 4:

V - band ima ge with

HI contours fro mthe D - arra y flux map. Contour le ve ls are 02,

3.7, 11.1, 18.5, 25.9, 33.3, 40.8,

44.5

˘ 10 19 atoms c m - 2 . Be a ms ize

is indica ted in the lower le ft

corner.

Oct 2002 Lowell Workshop Simpson, Hunter, & Knezek 7

HI Ring

The higher resolution C+D - arra y data is better able to resolve the structure in the higher dens ity HI gas (Figure

5). The most striking feature in this flux ma p is a high de ns ity (N

HI

¯ 4.5 ˘ 10

20 atoms c m - 2 ) ring in the HI distribution. The ring conta ins 30% ofthe tota l HI mass as meas ured from the D - arra y data. This ring s urrounds a centra l de press ion or hole in the HI whic h appare ntly surround s the bulk ofthe V - ba nd e miss ion, as de monstrate d in Figure 6.

Figure 5:

Inte grate d HI flux from the

C+D - arra y. Contour le ve ls are at 1, 3, 5, 7

˘ 10

19 atoms c m - 2 . Bea ms ize is indicate d in the lowe r le ft corner.

Figure 6:

V - band ima ge with HI contours from the C+D - arra y. Contour le ve ls are at 1,

5 ˘ 10 20 atoms c m - 2 . Bea ms ize is indicated in the lowe r le ft corner.

Oct 2002 Lowell Workshop Simpson, Hunter, & Knezek 8

HI Knots

There are se vera l discrete c lumps ofHI with masses of 1 ˘ 3 ˘ 10 6 M £ e mbedded in the ring whic h are not resolved. These knots do not appear to coinc ide with a ny notice able optica l fe atures in either the V or H D ima ges. Instead, two ofthe bright H D re gions are located on e ithe r ins ide edge ofthe ring in the southeast and the northwest, and the third is ins ide the hole in the HI ring (Figure 7).

Table 3: HI Properties

41 kms - 1 V max

1.7 R

HI

£ . Ass uming consta nt star formation over the past 10 Gyr, as

indicated by the inte grated UBV colors (Larson & Tins le y 1978), the mass - to - light ratio is 1 M £ /L

V £ . Thus, the

tota l mass ofstars in the ga la xy is oforde r 2 ˘ 10 8 M £ . This mea ns the star - forming eve nt required to make the

centra l hole in the HI is oforder 0.1 ˘ 1%. There fore, this star - for ming e ve nt would be a minor blip in the

evolution ofthe ga la xy.

Ifinstead ofbeing the res ult ofstar formation, the ce ntra l minimumin HI is due to the HI being replaced b y

molec ular gas, we estimate the a mount of ^ miss ing ~ HI mass converte d to H

2 to be 3 ˘ 10 6 M £ . The conseque nces

ofs uc h a la rge molec ular comple x s hould be observable in e mbedd ed star formation, the ratio ofmolec ula r - to -

atomic materia l, and optica l extinction. W e do see a few s ma ll H II regions, but not at a leve l that would indicate

mass ive a mounts ofmolec ula r gas. Is also unlike ly that there is optica lly s hroude d star formation, as the uppe r

limit to L

FIR

/L

H D for DDO is cons iste nt with very little e mbedded star formation (Hunter et al. 1989).

The observed HI mass in the ce ntra l depress ion is 5.5 ˘ 10 6 M £ , giving a ratio of M

H2

/M

HI of0.7, or 0.1 ifwe

inc lude the HI ring. These estimates are within the ra nge of0.1 ˘ 1.8 found in the star - for ming re gions ofNGC

4449 (Hunter, Wa lker, & Wilc ots 2000). Howe ver, the az imutha lly - a ve ra ged s urfac e photometry ofthe ga la xy

does not indicate significa nt extinc tion in the ce nter ofthe ga la xy, whic h we would e xpec t if the ce ntra l re gion is

filled with molec ular gas.

So although the ratio ofmolec ular - to - atomic gas would be reasonable, we think it unlike ly that the ce ntra l

depress ion in HI is due to convers ion to molec ular gas. The re is no e vide nce for the e xtens ive star formation (e ve n

ifs hrouded) that would be expected, and no significa nt e xtinc ti on is detected.

Summary

DDO 88 appears to be a fa irly nor ma l low - luminos ity dwarfga la xy in the optica l, with no large

scale star formation oc c urring. There is a slight asymme try in t he outer low - le ve l isophotes, but

this is not unus ua l for its morphologica l type. Its inte grated U BV colors put it at the red end of

the distri \ bution for I m/Sm ga la xies, reinforcing the idea that there has b ee n no rece nt exte ns ive

star formation. It is we ll fit by an e xponentia l disk, and there a re no ma jor color gradie nts

detected across the disk. Aga in, this is typical ofIm/Sm ga la xi es.

In HI, DDO 88 ´ s outer re gions a lso appear quite norma l, with the ratio ofHI - to - optica l

radius in the norma l ra nge. Its az imutha lly - avera ged s urface is low overa ll whe n c ompared to a

sa mple ofirre gula rs, and drops offat an a vera ge rate.

The norma l appea ra nce ofthe optica l and outer re gions of the HI in DDO 88 give no hint

tha t the center ofthe ga la xy hosts a large c entra l HI hole or d epress ion. The HI surrounding the

hole is distributed in a high column de ns ity ring, the inner edg es ofwhic h roughly correspond to

the outer edges ofthe V ba nd e miss ion. The hole is unus ua lly la rge for a ga la xy ofthis size, and

does not appear to be e xpa nding. DDO 88 ´ s inte grated colors are cons iste nt with a consta nt star

formation eve nt over the last 10 Gyr. The stellar mass required to produce a hole ofthis size (via

ene rgy inje ction fromste llar winds and supernova) is on the ord e r of0.1 ˘ 1% ofthe tota l stellar

mass ofthe ga la xy, a nd so would not be a significa nt e ve nt in i ts e volution ifthis is, indeed, how

the hole formed.

DDO 88 provides a cautionary ta le whe n investigating how t he outer re gions ofirre gula r

ga la xies a ffect the ir e volution. In this case, you ca nnot te ll t he book by its cover.

References

Broeils, A. 1992, Ph.D. thesis, Rijksuniversiteit Groningen

Carignan, C., & Beaulieu, S. 1989, ApJ, 347, 760

de Jong, R. S. 1996, A&A, 313, 45

de Young, D. S., &Heckman, T. M. 1994, ApJ, 431, 598

Hodge, P. W., & Hitchcock, J. L. 1966, PASP, 78, 79

Hunter, D. A. 1997, PASP, 109, 937

Hunter, D. A., Elmegreen, B. G., & Baker, A. L. 1998, ApJ, 493, 595

Hunter, D. A., Elmegreen, B. G., & van Woerden, H. 2001, ApJ, 55 6, 773

Hunter, D. A., Gallagher, J. S., III, Rice, W. L., & Gillett, F. C. 1989, ApJ,

336, 152

Hunter, D. A., Hunsberger, S. D., & Roye, E. W. 2000, ApJ, 542, 137

Hunter, D. A., Walker, C. E., & Wilcots, E. M. 2000, AJ, 119, 66 8

Hunter, D. A., van Woerden, H., & Gallagher, J. S. 1999, AJ, 118 , 2184

Knezek, P. M., Sembach, K. R., & Gallagher, J. S., III 1999, ApJ , 514, 119

Larson, R. B., & Tinsley, B. M. 1978, ApJ, 219, 46

Mac Low, M. - M., & Ferrara, A. 1999, ApJ, 513, 142

Martin, C. L. 1998, ApJ, 506, 222

McCray, R., &Kafatos, M. 1987, ApJ, 317, 190

Meurer, G. R., Freeman, K. C., & Dopita, M. A. 1992, AJ, 103, 60

Meurer, G. R., Staveley - Smith, L, & Killeen, N. E. B. 1998, MNRAS,

300, 705

Puche, D., Westpfahl, D., Brinks, E., & Roy, J. - R. 1992, AJ, 103, 1841

Rhode, K. L., Salzer, J. J., Westpfahl, D. J., &Radice, L. A. 1 999, AJ,

118, 323

Sargent, W. L. W., Sancisi, R., & Lo, K. Y. 1983, ApJ, 265, 711

Simpson, C. E., & Gottesman, S. T. 2000, AJ, 120, 2975

Stewart, S. G., et al. 2000, ApJ, 529, 201

Swaters, R. 1999, PhDthesis, Rijksuniversiteit Groningen

Wada, K., Spaans, M., &Kim, S. 2000, ApJ, 540, 797

Walter, F., & Brinks, E. 1999, AJ, 118, 2734

Wilcots, E. M., & Hunter, D. A. 2002, AJ, in press

Wilcots, E. M., & Miller, B. W. 1998, AJ, 116, 2363

Wilcots, E. M., 2001, private communication

Young, L. M., & Lo, K. Y. 1996, ApJ, 462, 203