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Abstract

CCD B− and I−band surface photometry is presented for a sample of 51 dwarf and
low surface brightness galaxies. The main selection criterion was their extremely nar-
row HI linewidths (∆V20 < 100 km s−1), chosen in order to examine the Tully–Fisher
(TF) relation between linewidth and absolute magnitude at the low–luminosity end.
In this regime, a substantial fraction of the linewidth is attributable to turbulent
rather than rotational motion. Therefore, it is not surprising that the original TF
relation, an expression of the scaling relation between mass (from the linewidth due
to rotation) and luminosity, does not hold in this regime.

If we assume the linewidth is due to both turbulent and rotational motion, we
obtain a mass for the dwarfs which does correlate with luminosity. However, the
relation is distinct from the TF relation for spirals, and indicates the presence of an
increasing amount of dark matter at low luminosities. We find that the locus of dwarf
galaxies in the mass/luminosity plane is well fit by the theoretical prediction of Dekel
& Silk [1986, ApJ, 303, 39], M/L ∝ L−0.37, where M/L decreases with increasing
L, while the spirals follow a relation in which M/L increases with increasing L
(M/L ∝ L0.2), which corresponds to the observed slope (∼ 7) of the TF relation for
spirals. For dwarfs fainter than LB/L⊙ ∼ 107, the observed M/L is ∼ 20, while it
drops to unity for LB/L⊙ ∼ 109.5.

The Dekel–Silk relation arises in low mass systems with massive dark halos which
undergo extensive mass loss due to supernova–driven winds. The halo allows the
galaxy to remain bound even as most of the gas is removed, drastically reducing the
rate of star formation. The trend towards higher M/L at lower L is the result of
the lower escape velocity of the less massive systems, allowing the gas to be removed
more efficiently.

The same relation has previously been seen to hold for dwarf Spheroidal galaxies,
providing further evidence for a common evolutionary history of these two types of
dwarf systems, radically different from “normal” early– and late–type galaxies.



Chapter 1 

General Introduction 

1.1 Dwarf Galaxies 

Dwarf Galaxies a.re the mosL commou type of gala.x.y in Lhe Uuiven:le. However, 

"nonna.l" galaxies domina.Le galaxy ca La.logs except iu Lhe few dif::ltance-limi ted ca.L-

a I ogs (e.g. l\.raan l\.orkwcg 1986; T11lly 1988; Schmidt K~ Holl<er 1992) wh<erc their 

intrinsic faintn<ess (absol11k H rnagnit11d<e, Af l::l ,:S -16) is not a fa.dor. Th<e grmving 

rea.lization of the astrophysical importance of chvarfs has led recently to increased 

numbers of studies of these objects. 

This interest is based in part on the observed excess of faint blue ga.laxies a.t 

intermediate redshift as compared to the local huninosity hmction (cf. Tyson 1988; 

Broadhurst, Ellis, & Shanks Hl88: Ferg1_1son HJSJ2, Ba.bul & Rees 1992). This can be 

iuLerµreLed <ts evidence for a large µopula.Lion of f::ltar forming dwarfs which have uow 
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faded away. In addition, there is increasing evidence tha.t a.ccretion and mergers of 

dwarf gala.xies may play a large role in ga.laxy formation (Sclnveizer 1992). 

Dv\•arf gaJaxies a.re found in aJl environments aJthough there does appea.r to be 

some segregation bai:ied on type (Binggeli, Tarenghi, & Sandage 1990). Gas-rich 

dwarf irregularn (ells) are more likely Lo be found ouLi:i ide of chrnters, often in loose 

groupi:i . The mosL extreme star-forming dwarfa are Lhe blue compact dwarfs (IlCDs). 

Dwarf Ellipticals (dEs), on Lhe ocher hand, Lend to be found in dusters of galaxies 

or as close c:ompanions to massive galax ies: d~~s c:omprise"' 75% of the mcrnbers 

of the Virgo c:hrnkr. In this work, we slrnll limit om smpe to the gas ric:h dvva,rf 

i rrcg11 l ars. 

In the remainder of this introch1dion, we disrnss the follmving areas in whic:h 

dwarf galaxies arc of significant astrophysical interest. lhvarf irrcg11lars present a 

simplified setting within which to shidy star formation. They often appea.r optically 

as little more than intergaJactic H II regions, where star forma.tion can be shtdied 

in isolation, withmtt complicating factors such as spiral density >vaves. Similarly, 

Lhe primordial (low meLallici ty and high gas con Lent) sLate of dwarfs makef:i chem 

suitable to f:i tudies of galaxy .formation. 

The low (baryonic) masf:i es of dwarfs allow f:i trong cousLrainLf:i to be placed on Lhe 

naLure of Lhe dark malltr in Lhe halos of galaxies (Tremaine & Gunn 1978). The 

I arge nnm hers of chvarfa makes th cm irndn I as test parti cl cs for r:osmologirnl studirs. 

Finally, chic to the smaller masses and lower rotation velocities of dis as corn-

parcd to spirals, the Tully Fish rr (TF} nJation can he tested in the extreme case of 



turbulence-dominated motion. Investigation of the TF relation in this regime should 

help to shed light on the exact origin of the relation. 

1.2 Star formation 

A simple phenomenological model of sLar forrna.Lion, called sLochasLic self-propagating 

sLar forrna.Lion (SSPSF) has been developed and applied Lo the dls ( Gerola., Seiden 

& Schulman 1980). Thif:i model a pp ea.rs Lo fie o biiervaLions fairly well in a quali La-

tive vva,y ( Hnnkr & Ga,llaglwr 1985), while the physic:al processes whic:h drive star 

formation renrnin poorly imderstood. In low mass dis the SSPSF' rnodd predids 

dist.ind bmsts of star formaJion. This is consistent vvith the pictme of HCl)s as dis 

in the middle of a. burst (Thua.n 1986). 

Due to their extreme physical cha.racteristics, dis can also be 1_1secl to directly 

study the conditions which lea.cl to sta.r formation. For example, is there a "universaF 

minimum HI density required before star formation can occur, similar to the relation 

found by KennicuLt ( 1989) for spirals? Studies show Lha.L Lhe III conLeuL of dis 

appears Lo increase wiLh respecL to the LoLal m;,iss as Lhe masf:l decrea.f::les (SLavele.y-

Smith, Davief::l, & Kinman 199:3). However, below JVfo ('-.; -12 there a.ppearn to be a 

dramatic: rise in the mass to light ratios ford Is (Freeman 1987: Lo, Sargent & '{onng 

l 99:i), whic:h mrresponds to the HI mass, Al Hl, j1rnt dropping below 107 Al<!;·· F'mther 

st11dy is needed before it >viii he knmvn if the onsd of star formation mrresponds 

to a minimum ga.s density. :\:IoreoveL it is not presently 1_mderstood hmv s1_1ch lovv 

mass systems which lack rotational s1_1pport ca.n avoid colla.psing a.ncl forming stars 
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for periods .2:: 10° years, vd1ich is the time interva.l between bl_l[sts in a. BCD (Thuan 

1991 ). 

The Cl_l[rent sta.r formation rate (SFR) in a. g;ala.xy can be estima.ted from obser-

vatious of the IIn luminosity, L(IIn), ;:;ince rno ::; t of Lhe sLa.rs providing the ioniL::ing 

radiation a.re mas::; i ve and therefore ;:;horL lived. Iu ad di Lion, ultra violet spectra 

from IUE observa.Liom allow Lhe mas::;ive sLa.r population to be direcLl.Y inve;:; tigated 

(Fanelli, O'Connell, K~ Thn;:in 1988). Hro;:idb;:ind mlors, on the: other h;:ind, arc: de-

pencknt on both ;:igc: ;:ind rnc;tallic:ity, ;:ind it is thc:rdore diffirnlt to obtain rnorc: 

than ;:in c;stirnak of the; sbr formation history of a gal;:ixy frorn such d;:ita. Tlwsc; 

broadband colors can be combined vvith the evolutiona.ry models of La.rson & Tinsley 

(Hl78) or, more recently, Bruzua.l & Cha.dot ( lmJ:~) to provide a.n estimate of the age 

of the most recent burst of star formation, as 'Nell as the age of the 1_mderlying old 

stellar population. 

Kennicu Lt (1989) ha.::; found a star formation law in disk gala.xi es in which sLa.r 

fonna.Lion wa.;:; found Lo occur m ga.;:; very close Lo a threshold surface deusi ty. It 

would be interesting Lo compare the gas deusi ties m reg10us of sLa.r fonna.Lion m 

dwarf galaxic;s to sc;c: if sirnil;:ir mnditions arc: found to <:tpply. Lo d al. (19!n) find 

that the HI siirfacc: dc;nsitic:s in a s;:irnplc; of nine; faint, ];:irgdy non-robting dwarfs 

signific;:intly c;xcc:ed the: Kc;nnicntt critic:al threshold density. The intrinsic faintness 

and pa1_icity of Ho emission in these chvarfs, indicates little sta.r forma.tion in these 

systems, perha.ps chte to the lack of some sort of "trigger" such as differentia.l rotation. 

Van der H1_1lst et al. (Hl9:~), on the other hand, ha.ve found that in a sample of 

LSB disk g;ala.xies, only smaU areas of the HI disk exceed the critica.l HI thresholcL 



which agrees a.t least qua.ntita.tively with the Kennicutt model, in >vhich the ma.rkecl 

la.ck of star forma.tion in LSB ga.laxies is interpreted as being due to the low HI 

surface densil.,y in Lhe disk. These two results, one for Lurbulence-supported, faint 

dwarf galaxies, and Che oLher for roLationall.y-supported LSD galaxies, poinL Lo Lhe 

critical role played b.Y difierenLial rota.Lion venms iitocha.i:itic cloud collisious in Lhe 

process of sta,r forn1ation. 

Any episode: of massive star formation in srn-:h lmv mass objc:ds vmuld very likely 

lead to the neutral gas being blmvn 011t from the ski lar disk beca1rne of their lmv 

escape velocity. loni?;ing photons from OH assoc:iations and vvinds from supernovae 

would give rise to holes in the HI clistrib1_1tion observed in the ells Holmberg II 

(Puche et al. 1992), as vvell as Holmberg I and l\I8ldwA (\Vestpfahl & Puche HlSl4). 

Broadline components of Ho: (6v ,....., 1000 - :~000 km s-1
) seen in several BCDs 

observed by Thuan el al. 1994, a.ii well a.ii Lhe elonga.Led X-ray emitting sLrucLure 

around VII Zw 40:J (Pa.µa.deros el al. 1994), provide additional evidence for rna.f:is 

ouLDow in d wa.rfs. This rna..y lead to a. self-regula.Lion of the sLa.r forrna.Lion rate in Lhe 

entire galaxy: no further episode: of star formation can ocrnr until the: massive stars 

have: died and the: the neutral gas is allowed to cool and mllapse into the: center of 

the gravitational potential ( Hlmter, Hawley K~ Gal lag her l 99:i). If the gas is entirely 

lost by the galaxy, sta.r formation will be essentially quenched (Dekel & Silk Hl8E.i). 

Any detailed determination of the stella.r pop1_1la.tions of the indivichial galaxies 

requires the application of the techniques of population synthesis. This involves 

comparing the combined ga.laxia.n spectra.I energy clistrib1_ition to a stellar library, 

in order to deLennine Lhe approxirna.Le cornpoi:iiLion of Lhe gala.x.y by sLella.r Lype. 
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Hunter & CaUag;her (1985) find evidence of low but steady star formation ra.tes when 

modeling; brighter chva.rf irregulars. l\fore detailed synthesis techniques, clra\ving; on 

a stellar i:ipectra.l library· in the l~V, have been employed by I'anelk O'Connell & 

Tlman (1988) for modeling the f:itar fonnation hif:itorief:i of several I3CDs. They find 

dear evidence of episodic bursts of inteme star formation activity in these objects. 

1.3 Galaxy Formation 

1-k~e<'rnsc: of the: high gas mnknt, low star formation rate, the: lmv mdallicity a.nd 

the lack of spiral strndnre, prc:sent da,y d Is may closely approximate: conditions 

whic:h existed in larger galaxic:s vvhi le thc:y wc:re forming. Of mmse, the: free: fol I 

colla.pse lea.cling to the formation of the bulge in s pira.ls does not occur in dwa.rfs; 

(Sandage 198G). In spite of this difference, the presence of a la.rg;e number of dwarfs 

in va.rious stages of evohition that are \Vithin easy observational reach make them 

objects worthy of detailed f:itud_y. 

The low metallici ty of the II II regious in ells alf:io lend Lhemsel ves Lo a study of 

the chemical evolution of galaxief:i (Peimbert 1985). Iu I3CDi:i, a. primordial helium 

abundance, Y, can be obtained by extrapolating the Y vs O/JJ relation Lo zero 

nwtallicity (Pagel d at. 1992~ lwtov d at. 1991). 
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1.4 Dark Matter 

The mif:ising-mass problem firnt pointed out by Zwick.Y (19:3:3), ha.fl remained a. prob-

lem in that we are still uncertain of the nature of Lhe dark mall.er which leaves iLs 

d.ynamical signature in the rotation curvef:i of spirals and in Lhe motious of dusters 

of galaxies. Hccmrnc the num hcr cknsit.y of (hvarf galaxies incrrnses so steeply at 

lmv luminosity, it. is vcry import.ant. t.o determine hmv much, if any, dark matkr is 

present. in (hvarfs. It. is possi hie that while (hvarfs cont.rih11k a negligi hie am01mt. to 

the total huninosity, they may contrib1.1te significantly, or even dominate in the mass 

distribution in the universe. 

Observa.tions to detect dark matter in ells have been undertaken by severa.l groups 

(Carignan, Beaulieu & Freeman HJ90; Lo et al. HJ9:~)- They combine VLA 2lcm 

observatious wiLh optical da.La to consLrucL modelf:i of the II I dif:ltribution in Lhe 

d wa.rfs and the overall rna.f:is-to-lighL ratios. The.Y find Lhat the extreme dfa with 

lli R rv -10 and 111 virial ,.._, 107 Af'. seem Lo be embedded in a dark matter halo. Values 

for AI// .. as high as "" 2.1 >verc reported in the cxtremcly lmv luminosity dwarf LGS :1 

(AI 8 "" -9.2). This low limit on the presenc:c of a dark halo, along with sirni lar vmrk 

for dEs (IV1afro 199:~), dfrdiwly mks out massive ne11trinos or other dynarnically 

"hot" 101-v-mass particles as the source of the cla.rk matter. 
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1.5 Cosmology 

Ilia.tied galaxy formal.ion (Rees 198.5), in which "normal" galaxief:i arise from 2-:J </ 

peakf:i iu the deusi ty JlucL uatious in Che early· uni verse, explaim voids as regions in 

which Lhe mean demiLy wa.f:i slightly below Lhe average a.nd uo pealrn large enough 

to form normal galaxies ocnirred. It is cxpeded that dwarf galaxies >vould have 

formed from much smaller fh1duations ('"" 1 a} and they sh011ld therefore pop11late 

the voids observed in redshift surveys (lkkd &~Silk 1986). 

Several H I siirveys of dwarf galaxies ·were carried out in order to test j11st this 

hypothesis (Thua.n et al. HlSll, and references therein). Althmtg;h a fe\v faint galaxies 

have been found to lie \Vithin voids (Salzer, Hanson, & Cavazzi 1990), nea.rly all of 

these surveys found tha.t the ells follow the void bmmdaries in the same way as the 

larger galaxies. These observatious place resl.ridious ou the biased galaxy forma.Lion 

cheor.y. lnl.eref:itiugly, Salzer (1989) aud Salzer & Rof:ienberg (1994) find that active, 

emisf:lion line galaxies (EL Gs) a.re some Limes found in voids. Recencl.y, Pus Lil 'uik d 

al. (1991a and b) find that rv 20% of the HCDs in the Second Hyurkan Survey arc 

found in voids. 

1.6 The Tully-Fisher Relation 

It has long been knmvn that there is a strong mrrdation behveen the rotational veloc-

ity and the l11minosityof spiral/irreg11lar galaxies. Hmvcver, it 1,vas not until the vmrk 

of Tully & Fisher ( Hl77) that the usehilness of this correlation for the determina.tion 



of ext.raga.lactic distances was fully appreciated. Therefore, this luminosity-linevvidth 

relation is often referred to as the Tully-Fisher (TF) relation. 

The rotational velocity of a disk galaxy ca.n be obta.ined from observations of the 

global II I line profile for Lhe galaxy. This velocity implies a value for the luminorsity of 

Lhe galaxy through Lhe TI' relation; therefore by mea.rs uring Lhe apparent magnitude 

of the galaxy, one can determine the distance modulus. The line width must be 

correded for the dfocts of inclination, and the galadic rnagnitlJ(.le rm1st be correded 

for internal <1nd galadic extinction. This lrnds to a relation of the form, 

IJ() 1 ( ·" T .rO , b T = a og u 1'20 ) + , ( 1.1) 

where B¥ is the tota.l absolute B magnitude corrected for interna.l and externa.l 

extinction, .u 1;00 ii:i the II I 21 cm linewidth a.t 20% of peak flux corrected for the 

inclination of Lhe galaxy and a and b a.re cousLa.nLrs, determined through observa.Liom 

of a. large group of calibrator galaxies with reliable distancers determined b_y other 

nwans (e.g., the Cepheid period h1rninosity rel<lt.ion). 

IV!ost of the rnrly c<1lihration and application of the 'JT relation was c:arricd 

out irning H n1<1gnitudes, <1s these were the most c:ornrnonly <1vailable rn<1gnitudes. 

However, <1 strong H11hhk type dependence \Vi'IS found to exist for the H Tully ~'isher 

relation (Roberts Hl78: Rubin et al. 1985), becai_tse the B-band is a. strong tracer 

of the yo1rng stellar pop1_1la.tion in a ga.laxy a.ncl this varies with type at a. constant 

gala.xian mass. The uncertainty in the (la.rge) correction chte to internal extinction 

m 1J further increa.sed Lhe dispernion of the Tf relation, which irs obrserved Lo be 

0.:35 mag (Pierce & Tull_y 1988). 
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This difficulty vrns remedied by using infrared H-band magnihtdes (Aaronson, 

Huchra. & 1fould 1979). Since the infrared luminosity is dominated by late-type gi-

ants, iL if::l less subject Lo young sLa.r forrna.Lion Lhan Lhe 13 magnitude. The exLincLion 

in II is onl.Y 10% of thaL in 13, so Lhe correction for internal extinction introduces lef::ls 

uncerLa.inty in Lhe infrared TI' relation. This wa.f:i reilecLed in a significantly reduced 

dispersion in the infrared 'JT relation. 'J'hc dispersion in thc H (as vvdl as thc H 

d /)I j I . . Q')i": IY(·p·' f.y'(' llTlff'-) an. )anc rc ation 1s"" .~·) rna 0 .. ic1ce (\:, u }· .U'.! . 

Pierce and 'J'11lly (1988) dekrrnined TF relations for thrce diifrrcnt bands, H, 

\/, and I, and found that the dispcrsion for the I hand was "" 25% srnalkr than 

that in the B-band (most of the rema.ining dispersion may have been due to depth 

effects in the clusters they were 1_1sing). The J-ba.ncl has since become one of the 

most important bands for TF-type studies (e.g. L1_1 19!Yn for severa.l reasons. First, 

Lhe limiLs in Lhe seusiti viL.Y of infra.red arra..ys and the brightnef::ls of Lhe infra.red 

sk.Y make iL exceedingly dilTiculL to obtain a.ccura.Le II-band magnitudef:i for fainL, 

extended galaxief::l. Second, Lhe I-band CCD data alf::lo has the advantage over Lhe 

H hand of allowing srnallcr corrcctions for thc (uncertain) Galadic and internal 

extinction. ~'inally, the I hand trac:cs thc older stellar population, and thcrdore 

the mass, of the galaxy bdter than the H band, ·which contributes to thc tighkr 

relationship fo1rnd by Pierce & Tully. This sensitivity to the older stella.r pop1_1la.tion 

also lea.els to a better estima.te of the inclination from Sl_lfface photometry. 

\Vhile the TF relation is essentially a.n empirical rela.tion ( -..vhich must therefore 

be ca.refully calibra.ted in each -..vavelength in vd1ich it is employed), there is some 

phyf::lical basis for the relation, aL lea.fit for iipiral galaxief::l. The following jlrntificaLion 
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is outlined in Aaronson, Huchra. & 1fould (1979). 

For a. spherica.lly symmetric rota.ting ga.laxy~ the balance of g;ravita.tiona.l a.ncl 

centrifuga.l force implies that the total mass AfT(r) conta.inecl >vithin r is AfT(r) 

rl72 (r), while cousLanL surface brightness implies L ,....., r'2. Assuming a. cousLanL mass-

Lo-liohL ra.tio (Af/L)., the combination of Lhe Lwo ]Jrevious relations bo-i ves L ,.._, l 74 • ''::i . . ?naJ., 

(which is equi valenL Lo Lhe I'aber-J adrnou relation for elliptical galaxies). This yields 

a slope: of 10 for the: TF relation (a = l 0 in c:q11ation 1.1) whic:h is roughly the: slope: 

found for the: H band rdation. 

A major prohkm vvith this simple: pictmc: is the fad that the: mass to light ratio 

1s ohsc:rvc:d to incrc:ase dramatic:ally for low h1minosity systems ( Pic:rc:c: 1991 ~ Lo 

et al. HJSJ:1), yet >vith the scarce existing data, these galaxies appear to obey the 

same TF relation as the more massive ga.laxies which ha.ve a nea.rly constant AI/ L. 

These chva.rfs appea.r to be dark matter dominated: hmveveL the visible ma.her must 

be Lightly coupled to Lhe dynamical mass , if the TI' relation if:l to hold. A similar 

siLuaLion is seen in Lhe dif:lk-halo " . '' conspirac.Y iu spiral galaxies ( Saucisi & vau 

Albada 1987). 

Ver.Y few galaxies at the low-luminof:liLy end have sulTicieuLly accurate magnitude 

daLa Lo consLraiu Lhe Tf relation iu chis regime. The major moLivaLion for this 

thesis was to obtain observations for a sample: of such dwarfs, in order to investigate: 

the precise: c:haracter of the: TF relation at very low h1minositic:s. 
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1. 7 Outline of the Thesis 

In order to in vesLiga.Le the optical proper Lies and Tully-Fisher relation for extreme 

dwarf galaxies, a sample of 50 dwarf irregular galaxies wiLh very narrow III linewidths 

(dominated b.Y turbulent ra.Lher Lhan rotational motion), was observed in both Lhe 

H and I bands. F'rorn these observations ·we shall investigak the I band T11lly 

~-isher relation (as ·well as the less reliable, b11t more widely used H band relation) 

in the lmv l11rninosity regime. 

The thesis is organized in the follmving >vay. In Cha,pkr 2, the observations and 

reductions are detailed and the surface photometry is presented. In Chapter :~, the 

corrections to absohite magnitude, from Ol_l[ surface photometry and HI linevvidth, 

from the literature, for reddening, dust and inclina.tion are discussed. These results 

are used in Cha,pter 4 to derive a Tully-Fisher relation for small D. l~i and Lhe 

scatter in the relation is analyzed. A modified version of the Tull.y-fisher relation 

is suggested for dwarf galaxies. In Chapter .5, the sLrucLural parameters and global 

properties of the dwarfs arc examined and mrnpa,red with LSH and norrnal spirals. 

~-inally, a si1mmary of the res11lts is presented. 



Chapter 2 

CCD Surface Photometry of 

Dwarf Galaxies 

2.1 Sample Selection 

The galaxies in this sample are very lmv luminosity dwarf galaxies selected by their 

III line widLk ~r20 , III velociL.y, and magnitude. They are drawn almosL exclusively 

from the r::;ample of 1557 Uppsala. General Ca.Lalogue (UGC; Nilson, 1973) dwarf and 

low surface brighLnesf:l gala.xi es which were deLecLed in III by Schneider tl al. ( 1990, 

1992). Their sample included all gal<lxies in the; UGC classified ·with a Hubble type 

of Sc: Irr or lakr (or a de; Va11rn11lems dass of Sci elm or later), ·with the; m<ljority 

chosen for our s11bs<lmplc; classified <ls dvvasfs, whic:h .\ilson c<ltegori?;ed as "objc;cts 

with (1) very lmv surface brightness a.ncl (2) little or no centra.l concentra.tion of light 

on the red prints''. 
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Galaxies were chosen which had a ~r20 < 100 km s-1 and a v0 < 1.500 km s-1
, 

with a, suffici<ently faint mpg (from Zvvicky ct al. 1960 1968, or from Ni Ison 'sown very 

uncertain vis11al estimates) to qualify as a chvarf 11nd<er th<e definition of Tarnrnann 

(1980): :\113 2: -16. For galaxies not ohs<erv<ed by Schn<eid<er d al. (1990; 1992), HI 

data was ta.ken from Huchtmeier & Richter (HJ8Sl). 

The major and minor a.xis (a a.nd b from ~ilson) and the Hubble classification 

from ~ilson \Vere used in an attempt to exclude face-on spirals from the sample. 

Finally, the Palomar Observatory Sky Survey (POSS) prints were vis1.1ally inspected 

in order Lo include onl.Y dwarfs in Lhis sample. These were usually found Lo be galaxies 

of low surface brightness with superimpotied irregular patches of star formation. 

The III profile shape was used Lo select a large number of galaxies with Gaussian 

profiles. This should r<estrict the sampl<e to galaxies whic:h lac:k rotational s11pport 

(afkr <excl11ding th<e fac:<e on spirals). 

In addition to th<e low r<edshift., narrow width chvarfa in th<e sarnpk, s<everal low 

smface brightness (LSH) galaxies at larger redshift, and/or with larger line widths 

were included in the sample, in order to a.llmv overlap and comparison with other 

Tully-Fisher relation shtdies. 

In Ta.ble L the basic data. for the sample a.re presented. The UCC munber 

(or other name) is listed (marked by a. c if it is an LSB ga.laxy), followed by the 

coordinates, Lhe heliocentric velociL.Y r,,, Lhe III line foll widths aL half power and 

aL 20% maximum, and Lhe III flux corrected for beam size, all from Schneider d 

al .. The profile shape is Lhen classified as a Gaussian (G), probable Gausf:lian (G?), 



probable double-horned (D?L or double-horned (D). Cala.xies for vd1ich the sig;nal-

to-noise of the HI observations >vas too poor to allovv an accurate classification were 

all placed in the two inLerrnediaLe categories (D '? a.nd G '?). The retmlLs dif::lcusf::led in 

Chapters 4 and .5 are ba.f::led only on the galaxief:i which could be defini ti vel.Y da.f::lsified 

as either Dor G. Finally, Lhe opLica.l blue dirneusious, Hubble Type and phoLogra,phic 

rn<lgnitnde ta.ken frorn the l:GC <lre listed. 

In ~'igme 0 (irnrnediakly afkr Table 1) a, histogram of the linevvidth distribution 

is shmvn for the n<lrrow-lined dwarfs in (a), as vvell <ls for the sample as <l whole in 

(h ). 

Five of the seven gnfaxies for which H and H images h<ld been obtained on the 

:\:Iay85 nm (before the present project was hilly conceived) were included for I-band 

observations, a.lthough they did not strictly satisfy the above selection criteria. All 

seven of these ga.laxies are ma.rked by an r in Table l. 

Finally; several g;ala.xies >vere included because of their scientific interest. UC C 

8091 (=CRK DDO 155) >vas inchtded to allmv compa.rison >vith the surface pho-

Lornetry of Carignan, Beaulieu & Freeman ( 1990). :\:ISldwA was included became 

of Lhe earlier work of Sargent, Sancisi & Lo (198:3) which indica.Les Lhat Lhis dwarf 

is probably noL supported by rota.Lion. Kara 10 and 37 were chosen from Lhe lisL 

of dwarf gnfaxies of l\.<lrac:hentsev<l (1968) >vhich h<ld single dish ohserv<ltions from 

Schneider K~ Thn<ln (1989). 1\10 q11alifies <ls a narrow lined dwarf <ls described <lbove, 

b1_1t K:n has a large, single-peaked .6.v20 , and >vas thought to be of interest. Sub-

sequent VLA observations which >ve made of 10 galaxies in the sample; show that 

the unusua.l HI profile of lC~7 is achtally cai_tsed by hvo g;ala.xies, K:)7 and IC:H'.2chvG 



Table 1 

Data for Sample of Dwarf Irregulars 

Calaxy RA D<>r. 
(1950.0) 

l.OOOJI 00 02 18.2 +IC ri1 GO 
COOOGJ 00 O.'i I fi.O +J.'i 11 18 
comoo oo 21 29.7 +m 11 OJ 
L00772 01 11 06.0 +oo :36 42 
L01171 01 37 02.4 +15 :38 51 

KAnA10 01 40 .54.J +15 2o 27 
corn81 02 27 4J.1 +oo 4J oo 
C02017 02 29 ri1.0 +28 ::\7 00 
C020J,1 02 ::\0 ::\1.0 +10 18 2G 
L02053 02 31 :31.0 +29 :31 47 
L02162 02 37 49.0 +i:n 00 47 

KAH,'\_:37 03 29 00.1 +67 s,s 02 
COJ212 04 .:;.:; 17.U +71 Oo O~l 
COJJ84 05 5.'i 2.5.2 +7J 07 00 
COJ817 07 19 Of>.(; +1.'i 12 00 
COJ8GO 07 2·1 ri0.2 +10 ri2 I J 
L03966 07 38 01.1 +40 B 47 
L0417:3 o7 58 :36.o + s o 16 oo 

c L04204 08 01 2 .5 .2 +56 o.5 33 
rvl81dwA 08 18 42.0 +71 11 Jo 

C0542J 10 01 2.5.J +70 Jo 27 
COG70G 1028 19.2 +::>·11ri J G 

,, COG709 I 0 28 ::\::\.::> + 19 ::\8 JO 
L06151 11 03 16.0 +20 o.5 40 
L06248 11 HI 1.5.9 +HI 28 21 

c L06596 11 35 08.1 +56 2.5 13 
COoo28 11 J7 24.0 +40 12 oo 

c C072% 12 14 OJ.8 +JJ 4J J4 
C07G,18 I 2 2·1 18.2 +I::> 27 08 
C07G% I 2 2(; 01.0 +08 ri1 G,1 
L07608 12 26 18.0 +43 :30 00 

ML07636 12 27 28.3 +08 12 15 
C07684 12 W 48.4 +18 Jl 14 

c C07882 12 40 21.8 +JJ JJ J4 
C080Ul 12 .'io OU.8 +14 W 12 
C0820 I I J 0·1 ::\9 .. 1 +C7 ri8 I G 
C08G8J I J ·10 2::\.0 +::>9 ri1 2G 
L08760 13 48 40.2 + 38 1.5 48 
L0883:3 13 52 42.0 + 36 o.5 00 
COU128 14 1J J7.U +2J 17 Oo 

c COUJUl 14 JJ lJ.O +.5tl JJ 20 
r ClOOJl 15 44 .54.o +ol 42 Jo 
r CIOOG8 IS ·18 17 .. 1 +2C 01 12 
,. CI 0290 If> II r;9_.1 +oor;r,,12 
.,. L10376 16 22 29.4 +65 :3:3 00 
.,. L10669 17 00 .5 2.8 +70 21 36 
r Cll764 21 JO 4.5.0 +o7 4o 42 

Cl2082 22 Jl .52.7 +J2 Jo Oo 
r Cl2151 22 J8 .SU.4 +oo 08 24 

CI 289,1 2J .'i7 18.0 +::>9 12 G,1 

V 0 UV~O UV20 Flux Prnlil<> 
Shape (km/s) (km/s) (km/s) (.Jy·km/s) 

I 2:'>9 11 (;8 I . 97 C 
f,87 

1·189 
1263 

874 
U21 

1.'i4o 
112::> 
7ri2 

1174 
1218 
1578 
1JU8 
1202 

171 
::)f)!') 

368 
Hl54 
3053 

2o2 
400 

1.1(;(; 

f;IOJ 
1241 
1156 
2379 

UOl 
0087 
-8G 
1Gri 
601 
178 
7o7 

o8J4 
loJ 
202 
717 
273 
:30:3 
1U7 

20UO 
10tltl 
227(; 
199.'i 
3474 

681 
J717 
1081 
ltlJtl 

ri92 

::\9 
27 
fl 
29 
J.S 
Jl 

11 
,5.5 
,51 

146 
4U 
78 

10 
71 

130 
rn 
47 
:'>::\ 

2·12 
27 
:30 

154 
41 

2J2 
::>O 
2r. 
60 
2.5 
2o 

J.)o 
Jl 
12 
::\2 
:38 

J4 
1Hl 

117 
119 
41 

7J 
o7 

1o7 
::>1 

.'i9 
·11 
66 
51 
.)2 
47 

10·1 
(;(; 

64 
65 

208 
72 

100 
.'i2 

91 
89 

179 
J7 
o7 
·18 

277 
41 
48 

177 
.'io 

2o.'i 
·H 
·12 
74 

48 
J70 

47 
(;8 
·H 
45 
38 
.)4 

1J4 
71 

IC>.'i 
1:'>8 
69 
52 

107 
8J 

ltlJ 
,;-;7 

.1.ri2 c 
,1.10 c 
5.10 Ci 
l..S:3 Ci 
J.o4 G 
l.Oo G 

1,1.10 c 
JI .10 n·? 
29.00 Ci 

5.20 U'i 
22.:38 Ci 
l.JJ G 

22.70 D 
10.20 C? 
IG.90 C? 
25.10 D 
29 .. 50 D': 
:L50 D 
4.20 G 
J.JU G? 
.1.99 c 
2.82 n 
6.40 U'i 
1.94 Ci 

10.88 D 
24.70 G? 

2.4J D 
2.::\7 C? 
0.28 n·? 

29.9.5 U'i 
0.28 Ci 
0.28 G 
J.71 D 
8.40 G 

JG.00 C? 
7.!10 c 
9.60 Ci 
5.:30 Ci 

12.80 G 
7.U4 D 
7.00 D 
G.8:l D 
0.91 n 
2.:30 Ci 
3.00 Ci 
J.7o D'.' 

Jl.oO D'.' 
5.00 D'.' 
fi.7!'i c 

axh 
(') 

l .. 1x I.I 
l.Ox0.7 
1 .. 1x 1 .. 1 
1.6x1.4 
1.4x1.3 

l.7Xl..) 
2 .. 'ix2.0 
'.i .. 'ix::\.O 
2.3x1.3 
2.ox2.o 

l.2X0.4 
l.tlX l.tl 
2.ox 1.0 
l.8x 1.2 
2.2x2.o 
:3.3x0.7 
1.2x0.9 

l.Jxl.O 
l .. 'ix 1.2 
l.::>x0.8 
1.8 x1.8 
1.6x1.3 
1.2x0.7 
J . .)XJ . .) 
l.OX0.2.'i 
l.::>xO .. 'i 
l.9x0.7 
4.ox:3.5 
1.2x0.8 
1.1 X0.7 
L)X0.2 
1.1 XO.tl 
'.i.7x2 .. 'i 
2.::>x2.::> 
2.3x0.6 
1.1 x0.9 
l.8Xl.o 
l.8Xl.1 
l.7Xl..) 
l.2x0.9 
2.ox 1.9 
1.5x1.4 
1.4x1.4 
l.OXl.O 
J . .)XJ.O 
J.OX2.0 
I.Ox 1.0 

H11hhl<> mpq 

Type (Zw) 
TRR l.'i.J 
TR.R l.'i.G 
D\VARF 18. 
DWHF lH 17. 
DWAHF 17. 

D\VARF 17. 
D\VRF TR 17. 
D\VRF TR I .'i.O 
DWHF lH 15.7 
DWHF lH 18. 

mvnr SP 18. 
mvnr SP 10.0 
D\VARF 17. 
D\VRF TR I .'i.G 
DWHF lH 16.0 
rnH 15.7 
DWAHF 17. 

mn 1.5.J 
D\VRF TR 18. 

I .~.7 
DWHF SP 17. 
DWHF lH 18. 
rnH 15.5 

14.o 
lo.5 

TRR l.'i.2 
D\VARF l.'i.J 
DWHF lH 16.0 
DWHF lH 15.4 

1.).4 
Sc-mn 15.7 
mn 1.5.J 
D\VRF TR I ·1.1 
D\VRF TR l.'i.7 
DWHF lH 15.4 
rnH 16.5 
mvnr m 1.5.J 

1.).5 
mvnr SP 11. 
D\VRF SP 17. 
D\VRF SP I .'i.O 
DWHF SP 16.5 
DWAHF 17 . 
mvnr SP 18.0 
mvnr SP 1».o 
D\VARF lo.O 
D\VRF TR 17. 
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Figure 0: Histogram of Linewidths for the sample. (a) shovvs the clistrib1_1tion 
o[ linewidths for Lhe narrow-lined galaxies (~\/20 :;;;, 100 km s- 1

). (b) shows the 
distribution for a.11 Lhe galaxies in Lhe sample, listed in Table 1. 
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(Borngen & Ka.rachentseva. HJ8,:J), vd1ich a.ppear from the VLA data. to be spirals in 

the backgro1rnd of the IC :~42 complex. 

The HI data. for UCC TG:~G (marked by an asterisk in Table 1) a.ctually applies 

Lo a cloud of III which ha.f:i been removed from Lhe dwarf by ra.m-presf:i ure stripping 

by the hoL X-ray emitting ga,s around Lhe gia.nL ellipLica.l ~GC 4472 in the Virgo 

Chrnter (Patterson & Thuau 1992; McNamara. tl al. 1994). The da.La for UGC 76:36 

arc presented, h11t arc cxc:lmkd frorn the analysis in Cha,pkrs 1 and 5. 

2.2 Observations 

The H, H and I photorndric. observations of 7il dwarf and LSH galaxies -vverc ob-

tained dming several observing rnns from 1985 to mg;~ ·with different CC]) c:hips 

and telescope combinations. Specific deta.ils a.bmtt the observing; runs are given in 

Tables 2 and :t For each observing; nm, Ta.ble 2 details the number of g;ala.xies ob-

served and the filters 1_1secl, as 1vell a.s listing the telescope aperture and foca.l ratio, 

Lhe CCD type, size and pixel sea.le, the field of view (FOV), the gain and read uoif:ie 

of the chip. 

Table :3 g1 ves Lhe galaxy name, filtern used, date of observatious, filtern used, 

number aud length of expof:luref:i , f:i eeing, a.inna.f:is aud sky coudiLiom (photometric or 

some cirnrn present). 

Mof:it of Lhe these galaxies (:38) were o b f:l erved in Lhe fl- and J-ba.rnfo iu October 

1990 and April 1991 at the f / 7.5 focus of the 2.lrn tdcscopc at Kitt Peak .\ational 
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Observatory1 (KP:\"O). The CCD camera 1_1sed for these observations consisted of a 

Tektronix (TEK2/T5HA) chip. In a.dditio1L 7 of the ga.laxies \Vere observed in B-

and R-bands in 1V1ay 1985 with the 4rn telescope by Trinh Tlma.n and Ken Mitchell 

(Thuan tl al., 1992). In Sept. 1991, January 199:3 and April 199:3, 1:3 of the galaxies 

with the laroe~t angular size (a.ii well a.ii those oa.laxie~ with irna.oe~ iiu1Terino from o - ._, b - o - . b 

fringing problems, marked by <:tn fin Table :~: sec §2.:1) were rcobscrvcd with a larger 

CCI) chip aJ the 2.lm or 0.9m klcsmpes in ordcr to image the <entire galaxy and to 

include a sufficiently large area around the galaxy for proper sky subtraction. These 

subsequent observations were made by John Spitzak and Steve Schneider (Sep91); 

Rich Celderman and Patterson (.Ja.nSJ:f); a.nd Trinh Thua.n and Valentin Lipovetsky 

(Apr9:3). 

During the Oct 90 and Apr 91 nms the ga.laxies \Vere imaged through the B 

(\, = 4400A, fi\Vlll\1=11.52A) and I (,\,, = 820.SA, F\VII.\'1=185L\) filters in the 

KPNO Mould filter system. Each obf:lervation wa.s broken up into three iiepara.te 

expof:lureii of 10 rninuteii in I3 and 7 rninuteii in I and diiipla.ced from each other by 

"' 1011 in H.ight Asc:cnsion or lkclination, for a. total of :10 minutes in the Hand 

21 min11ks in the I filkr. Thesc slight displac:cnwnts arc nsd11l in thc si1bscq11cnt 

processing for removing bad pixds and cosmic ray evcnts. 

Dming thc l\.1ay85 Im nm, the \ii on Id Hand \ii on Id H (,\, = 6167A F\V H IVl=l l 08A) 

filters vvere used, a.nd the l\fould B filter was used for the A pdJ:~ run. The Harris 
1 l<itt Peak l\3tion3] Observatory, ~ational Opti<:3l Astronomy Ohserv!ltories, operated by the 

:\ssori at ion of Universities for H.esear<:h in Astronomy, In r., under <:ontrnd with the Nat ion al 

Science Foun<la.Lion 
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,--..., 
~ 60 
r:: 
0 

·rl 
[/] 
[/] 

·rl s 
[/] 40 r:: 
a:l 
H ...., 

20 

0 

Mould B !.. 0 =444 7 A. 
(KP 1306) FWHM= 1102A 

Harris B 
(KP 1416) 
!..0 =4320.A 
FWHM=1064A 

4000 5000 

Mould R 
(KP 1347) 
!..a=6467.A 
FWHM=1108A 

6000 7000 

r.. (A) 

Mould I 
(KP 1309) 
!..a=B212.A 
FWHM=1922A 

8000 9000 

HJ 

10000 

F'igme l: Transmission rnrves, with >. 11 and F \V H \·1 , for the C:C: I) F'ilters 11sed in thi s work. ~'rorn 

KPNO rnanuab. 

Table 2 
Ohserving R.nn Informat.ion 

Date # Band Telescope & CCD Size Scale rov Gain n~ 

(Calaxi"s Oh,tervterl) (KPNO) (pix"l') ( a1~i~;:1c ) (arcn1in) ( A0L~(.' ) (<>-) 

ms.:; !\fay n 2J 7 BR 4m, f/2.8 RC Al J20X51L 0.00 J.2X -5.1 11.5 7!J.O 
1990 Oct 19-22 16 131 2.lm, 1/7,5 TSHA .5122 o.:34 2.9x 2.9 3.25 7,.5 

1991 Apr 17-21 29 131 2.lm, 1/7,5 TSHA .5122 o.:34 2.9x 2.9 3.25 7,.5 

1991 s .. p l:>-1(; :> RT 0.9rn, f/ 7.S STlK 1021 1 o.r.9 10.ox 10.0 2.7 2.8 

HltlJ Jan 2J 24 8 BI 2.lm, f/7.5 TlKA lU'.!42 O.JU 5.lx -5.1 1.7 J .. 5 
1993 Apr 18-20 3 13 0.9m, 1/7,5 T2KA 10242 0.68 ll.6x11.6 7,0 4,0 



Galaxy 

U Jl 

u:ioo 

U772 
U1171 
KlO 

Ll1981 

U2017 

Ll2034 
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Table 3 
Obset·ving Lo).!; 

band nm night 

B O cWO 22 
If O cWO 22 
R Oct.90 21 
r j Oct.90 21 
R Oct.90 20 
1 Od90 20 
H Od90 22 
B O cWO 22 
B O cWO 22 
T j Oct.90 22 
R .Tan9:l 2:l 
1 Jan9:3 23 
H Od90 21 
1 j Od90 21 
B Jan!JJ 24 
I Jan!JJ 24 
R Oct.90 21 
r j Oct.90 21 
H Jan9:3 24 
1 Jan9:3 24 
H Od90 22 
If O cWO 22 
B Jan!JJ 2J 
r .Tan9:l 2:l 
R Oct.90 20 
1 Od90 20 
H Od90 22 
If O cWO 22 
B Jan!JJ 24 
I Jan!JJ 24 
R Oct.90 21 
r Oct.90 21 
H Sep91 16 
1 j Sep91 15 
B S cp!Jl 16 
I S cp!Jl 15 
B O cWO 21 
T j Oct.90 21 
R Apr91 17 
1 j Ap1'91 17 
H Od90 21 
If O cWO 21 
B O cWO 22 
B Aprtll 18 
T Apr91 18 
R Apr91 10 
1 Ap1'91 19 
H Ap1'91 18 
I Aprtll 18 
B Jan!JJ 2J 
r .Tan0:l 2:l 
R Apr91 17 
T Apr91 17 
H Jan9:3 23 
1 Jan9:3 23 
B Jan!JJ 24 
I Jan!JJ 24 
R Apr91 21 
T Apr9 I 21 

exp. time seeing 
( # X s~c) arc'"" 

JX420.0 L7 
JX420.0 L4 
:i xr.oo.o 1.0 
:i x,120.0 1.1 
I x 1800.0 2.0 
3x1200.o 2.9 
6 x 510.0 2.0 
6X420.0 LU 
JX600.0 L.7 
:i x,120.0 1.0 
I xf.00.0 1.2 
3 x420.0 1 ') 
3 x600.0 L4 
2 x420.0 LO 
1 X600.0 L8 
JX420.0 1..5 
:i xr.oo.o 1.1 
:i x,120.0 1.0 
3x600.0 L 5 
3 x420.0 1 ') 
lx180.0 L4 
UX180.0 0.7 
JX600.0 L7 
:i x,120.0 1.2 
:i xr.oo.o 2.2 
2x1200.o L9 
3 x600.0 1 ') 
J X420.0 O.!J 
JX600.0 1..5 
JX420.0 LL 
:i xr.oo.o 1.1 
:i xr.oo.o 1.0 
1 x300.0 LS 
2 x450.0 2.4 
2 XJOO.O L8 
1 X600.0 L.4 
JX600.0 LL 
:i x,120.0 1.2 
:i xr.oo.o 1.7 
3 x420.0 L4 
3 x600.0 L4 
J X420.0 LO 
JX58J.O L4 
JX600.0 L7 
:i x,120.0 1.1 
:i xr.oo.o 2.0 
2 x420.0 L4 
3 x600.0 2.7 
JX420.0 L.7 
2 X600.0 LL 
2x,120.o 1.2 
:i xr.oo.o 1.7 
:i x,120.0 1.1 
3 x600.0 1 ') 
3 x420.0 L4 
J X600.0 L8 
JX420.0 1..5 
:i xr.oo.o 17.1 
:i x,120.0 1.1 

airmass 

L08 
L05 
1.0 2 
1.01 
1.2!) 
1.49 
1.18 
1.10 
1.15 
1.0 7 
I.If. 
1.23 
1.34 
1.24 
1.UO 
1.74 
I .OS 
I.I I 
1.05 
1.02 
1.29 
1.JO 
1.lJ 
1.10 
1.17 
1.08 
1.27 
1.J5 
1.JJ 
1.44 
1.28 
I .2G 
1.24 
1.25 
1.25 
1.25 
1.2~1 

I .:lO 
I .f.0 
1.61 
1.04 
1.0J 
1.04 
1.2J 
1.1'1 
1.21 
1.17 
1.65 
1.61 
1.51 
I .GO 
I .G2 
I _,rn 
1.34 
1.37 
1.J4 
1.JO 
00 

1.00 

sky 
condlt.lcm~ 

Photo 
Photo 
Pl10to 
Photo 
Photo 
Photo 
Photo 
Photo 
Photo 
Pl10to 
Cirn1s 
Cirrus 
Photo 
Photo 
Cirrus 
Cirrus 
Pl10to 
Photo 
Cirrus 
Cirrus 
Photo 
Photo 
Cirrus 
Cirn1s 
Photo 
Photo 
Photo 
Photo 
Cirrus 
Cirrus 
Pl10to 
Photo 
Photo 
Photo 
Photo 
Photo 
Photo 
Pl10to 
Photo 
Photo 
Photo 
Photo 
Photo 
Cirrus 
Cirn1s 
Cirn1s 
Cirrus 
Cirrus 
Cirrus 
Photo 
Pl10to 
Pl10to 
Photo 
Photo 
Photo 
Cirrus 
Cirrus 
Pl10to 
Pl10to 
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Galaxy 

U.570!.l 

O f> I GI 
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UG.S!JG 
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U 708 4 

07882 
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U8:Wl 
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09:=\9 I 
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UlU0.58 
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U lU:.170 

0 I OGG9 

U11764 
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lJl21 GI 

Ul2894 

Table 3 continued 
band run night 

B Apr!Jl 17 
I Apr!Jl 17 
R Apr91 20 
l Apr91 20 
H Apr91 21 
1 Apr91 21 
B Apr~n HI 
I Apr!Jl HI 
B Apr!Jl 17 
l Apr91 17 
R Apr9:=\ 20 
H Apr91 20 
1 Apr91 20 
B Apr~n HI 
I Apr!Jl HI 
B Apr!Jl HI 
l Apr91 19 
R Apr91 18 
1 Apr91 18 
H Apr93 18 
B Apr~n 21 
I Apr!Jl 21 
B Apr!Jl 21 
l Apr91 21 
R Apr91 19 
1 Apr91 19 
H Apr91 21 
I Apr~n 21 
B Apr~U HI 
R Apr91 21 
l Apr91 21 
R Apr91 19 
1 Apr91 19 
H Apr91 19 
I Apr~n HI 
B Apr!Jl 21 
l Apr91 21 
R Apr91 17 
l Apr91 17 
H J\fa~·85 23 
H Ma~·85 23 
I Apr~n :w 
B rviays.:; 2:i 
R May8.'i 2:=\ 
l Apr91 17 
R May8.'i 22 
H Ma~·85 22 
1 Apr91 17 
B rviays.:; 2:i 
R rviays.:; 2:i 
l Apr91 20 
R May8.'i 22 
H Ma~·85 22 
1 Apr91 20 
H Ma~·85 22 
R rviays.:; 22 
B ScpDl l:J 
l S,,p91 I C\ 
R May8.'i 2:=\ 
H Ma~·85 23 
H Oct90 21 
1 J Oct90 21 

exp. time 
(#x,,,c) 

:.IXGOO.O 
4X40.).0 
:=lxfiOO.O 
:=lx·120.0 
3 x6oo.o 
3 x420.0 
:.IXGOO.O 
:.IX4'.W.O 
:.ix:.ioo.o 
:=1x:=100.o 
2xfiOO.O 
3 x6oo.o 
3 x240.0 
:.IXGOO.O 
:.IX4'.W.O 
:.IXGOO.O 
:=lx·120.0 
:=lxfiOO.O 
3 x420.0 
3 x6oo.o 
:.IXGOO.O 
:.IX4'.W.O 
:.IXGOO.O 
:=lx·120.0 
:=lxfiOO.O 
3 x420.0 
2x6oo.o 
2X4'.W.O 
2X000.0 
:=lxfiOO.O 
:=lx·120.0 
:=lxfiOO.O 
4x465.0 
4x 570.0 
GX:.ltlO.O 
2X000.0 
:=lx·120.0 
:=lxfiOO.O 
:=lx·120.0 
lx6oo.o 
lx6oo.o 
:.IX420.0 
lXGOO.O 
I xfiOO.O 
:=lx·120.0 
I x900.0 
2x 300.0 
3 x 300.0 
1 XtlOO.O 
2X4.50.0 
:=lx·120.0 
I x900.0 
2x300.0 
3 x420.0 
lx900.0 
lXGOO.O 
:.ix:.ioo.o 
2x:=\OO.O 
I xfiOO.O 
lx6oo.o 
3 x6oo.o 
3 x420.0 

seeing airn1ass 
arc~f'r: 

:.1.4 l .:J() 
1.4 1.21 
2.0 I .OS 
I .7 I .O:=\ 
1.7 1.09 
1.4 1.08 
1.4 1.10 
1.4 1.10 
2.4 1.:35 
2.0 1.2() 
1.7 I .Of> 
:3.1 1.01 
1.7 1.00 
2.0 1.10 
2.0 1.07 
1.4 1.:J() 
1.7 1.2() 
1.1 1.0·1 
1 ') 1.cn 
1.7 1.03 
1.4 1.11 
1.4 1.10 
1.7 1.l:J 
1.1 1.08 
2.0 1.00 
L 5 1.01 
1.4 1.34 
1.4 1.2:J 
2.0 1.:32 
1.1 1.29 
1.1 1.20 
1.1 I .2:=\ 
L 5 1.14 
1.7 1.58 
1.0 1.48 
l.!J 1.5() 
I .G I .·12 
2.0 1.21 
2.2 1.18 
2.4 1.44 
2.1 1.41 
1.4 1.18 
1.8 1.28 
1.8 I .:=\:=I 
1.7 1.08 
1.8 I .:=\9 
1.8 1.:34 
1.7 1.29 
1..5 1.27 
1..5 1.25 
1.1 I .22 
1.8 I .:=\:=I 
L 5 1.:35 
1.4 1.:30 
2.1 1.21 
1.8 1.2() 
1.8 1.27 
1.8 1.0·1 
I .G I .f> I 
L 5 1.53 
1.4 1.14 
1.4 1.09 

sky 
r:onditions 

Photo 
Photo 
Photo 
Photo 
Photo 
Photo 
Cirrus 
Cirrus 
Photo 
Photo 
Cirn1s 
Photo 
Photo 
Cirrus 
Cirrus 
Photo 
Photo 
Cirn1s 
Cirrus 
Cirrus 
Photo 
Photo 
Photo 
Photo 
Cirn1s 
Cirrus 
Cirrus 
Cirrus 
Cirrus 
Photo 
Photo 
Cirn1s 
Cirrus 
Photo 
Photo 
Photo 
Photo 
Cirn1s 
Cirn1s 
Photo 
Photo 
Photo 
Photo 
Photo 
Cirn1s 
Photo 
Photo 
Cirrus 
Photo 
Photo 
Photo 
Photo 
Photo 
Photo 
Photo 
Photo 
Photo 
Photo 
Photo 
Photo 
Photo 
Photo 

21 



22 

H (/\ 0 = 'l:i20A, F'WH.Vl=lOfrtA) a,nd IVl011ld I filters vv<ere 11sed for the remaining 

nms (Sep91 and Ja,n9:i). The ditforent fi lkrs had the dfoct of clrnnging the trans-

formation coefficients for the different runs (see 32.:~). The transmission curves for 

the Harris and }fmilcl filters are shown in Figme l. 

The photometry >vas calibra.ted by making repeated observations of several stan-

dard st a.rs from Landolt (HJ8:~) thro1.1ghm1t the night. Fainter standards from the 

new lisL of La.ndoh (1992) were ur::;ed during Lhe Apr 91 a.nd Ja.n 9:3 runs. During 

the J.fay 85 run, additional observa.Liom were made of a. standard field in Selected 

Area 57 which contained fainter r::;tarn, with a. moderate range in color, and µhoLom-

dry provid<ed by Sandage (1985). Observations of the globular chrnkrs identified 

by Christian ct al. (1985), with photonwtry frorn Davis (1991 ), >ver<e mack during 

the Apr 91, .Jan 9:i, and Apr !B nms. In addition, IVl67 (Sc:hild, 198:i) was obs<erv<ed 

dming the A pr !:);) run. 

Donw fiats using the standard mlor mrrected lamps and a whik retiective spot 

on the inside of the dome were taken a.t the beginning and encl of ea.ch night. A 

sequence of ,...., 20 bia.s frames were also ta.ken at this time. In addition, hvilight fiats 

of Lhe sk.Y were obtained each night in ea.ch filter, ur::;uall.Y in Lhe evening. A "blank" 

field, containing few brighL sLars, from Christian tl al. (1985) was ima,ged several 

timer::; with r::;light offoet r::; between expo:mrer::; during each run (except for 1V1ay 8.5 and 

.Jan 9:i). Since th<e May 87i and .Jan 9:i nms w<ere mack 11p rnostly of obs<ervations of 

point sources (Thuan ct al. 1992, and Gelderman 1991 ), th<ese objed frames were 

combin<ed to form equivalent blank dark sky and fring<e frames (se<e fol lowing s<ection ). 



2.3 Data Reduction 

The CCD daLa were reduced by using Lhe IIL\F2 software package CCDRED. The 

following description applies in particular Lo the TEK2 /T GHA 512 x 512 chip which 

was used Lo obtain Lhe majority of Lhe data, buL all Lhe data were reduced using Lhe 

same basic proced me ( scc IV! asscy f.z .LKo by 1992). 

FirsL, a. bias ofiseL, equal Lo the mean of :J2 columns in Lhe overscan reg10n 

from cac:h row, \V<lS s11btradcd from each framc. Thc resulting im<lgcs vvcre thcn 

trimmed to a 508 x .')08 form<lt. A cornposik zcro fr<lnw, the <lvcragc of 20 in-

divichial bias frames (with the oversca.n a.lready subtractedL \Vas constnicted with 

the ZEROCOI'vIBINE task a.ncl then s1.1btra.ctecl from all frames to compensate for 

pixel-to-pixel variations in the bias level. This bias pa.ttern \Vas found to be very 

sLable throughout Lhe nighL and from nighL Lo nighL. 

High signal-to-noise level dome fiats for each night were combined >vith FLAT-

C 0 I'vIDINE, which scales Lhe individual fiats by Lhe median Lo creaLe a. masLer dome 

11aL, for Lhe removal of the pixel to pixel variation in Lhe deLedor seusi ti viL.y. The 

LwilighL sky 11aLs and/ or Lhe blank dark sk.Y 11aLs where then combined wiLh Lhe dome 

-A<lts using IvIKILL UI'vICOR, which hea.vi ly smooths thc lowcr signal to noisc sky 

-A<lts so th<lt thcy can be 11scd to removc the large sc:ale V<lri<ltion of thc dct.ector. 

Thc dome -A<lts may not il'11min<lte thc CC]) in the s<lnw \V<lY as the night sky docs 

£1 H.;\ F is dist.ribnt.P,d hy National Opt.i<".al Astronomy OhsP,rvatoriP,s, which is opP,rated by t.hP, 

Association of lJniversities for fi.P,SP,arch in Astronomy, In<'.., under rnopP,rative agreement. with t.hP, 

N a.Liona.l Science Foundation 



beca1_1se of light leaks; uneven illumination of the vd1ite spot on the dome, or incor-

rect color ba.lance of the lamps. As a result, the la.rge scale variation of the detector 

can onl.Y be removed with f::lky llaLf:i, preferably blank dark sky llaLs, to achieve Lhe 

besL color match wiLh Lhe object frames. 

The blank dark sk.Y exposures in Lhe J- and R-bauds were used to remove Lhe 

iuLederence fringe pa.Lteru produced by nighL f::lky emis f:i ion linef:i . Iu Lhif:i case Lhe 

blank d;:irk sky fr;:inws were: not. smoothed as described above. lnstrnd they were: 

procc:ssc:d 1rning CCDRED in whic:h the: oversc:an is removed, the: master 7.ero fr;:inw 

is s11btradc:d; the: image is trimmed, and finally the: mast.er fi;:it. for the night is sc;:iled 

and divided into the blank da.rk sky exposl_lfe. The indivichial frames from the same 

night a.nd in the same filter a.re combined using CO 1v1 BI:>l' E. The median value of 

the res1_1ltant fra.me is determined a.nd subtracted from the frame, leaving a fringe 

frame wi Lh a median of zero. This fringe frame is Cheu f::lcaled by fad ors of 0.1 Lo 2.0 

and subLracLed from Lhe fringed galax.y imagef:i which had previomly been procesf:led 

through Lhe llaL fielding f::ltage. 

AL chis poiuL, the images were iuspecLed Lo see which subLracLion had produced 

the most. mmplek remov;:il of the fringes. In this vv;:iy, the fringes >vc:re removed 

without changing the: average vahic ;:icross the frame. This trial and error proc:ess 

is nc:c:essary lwc:a11sc: the: fringe levels change throughout. the night. dqwnding on the 

relative position of the sun with respect to the upper a.tmosphere vd1ere the night 

sky emission lines are prochtced. 

The blank da.rk sky exposures for the Oct 90 run >vere obtained on the first clear 

night of the nm, after vd1ich the secondary of the 2. lm telescope shifted notice-



ably (thrmving the fonts off by a very large amount; among other things). It vrns 

la.ter discovered tha.t the optical path had changed enmtgh to render the resulting 

frames uselei::is for removing fringes from da.La La.ken after Lhe secoudar.Y shi[L. The 

frames were sLill found to be sufficient for the removal of large i::lcale va.ria.Liom a.8 fiat 

field frames. Therefore, Lhe I-baud frames of eleven galaxies were couLamina.Led by 

fringes: six of these objects were s11bsequent.ly rcobserved leaving jnst. five galaxies 

with some fringcs. These objcds arc indicated by an f next. to thc I in the ba,nd 

cohunn of Ta.ble :~. The fringes ca1_ise a '""" 2o/c, systematic va.ria.tion on a fairly small 

(,...,_, 20 pixel) spatial scale. 

After the individual object frames vvere processed through the fiat fielding stage 

1_1sing CCDRED (and fringes removed as described a.bove from the J- a.nd R-band 

frames); the separate exposures were a.ligned using I:VIALI G :>r. This routine deter-

mines the ceuLroids of the sLars in the frame and Lhen shifts and Lrimf:l Lhe images. 

The CO.:\H3IKE task was then used Lo combine Lhe imagei::l by filter, using avera,ge 

sigma clipping Lo remove mosL of the cosmic rayi::l and bad pixels. 0[ courne, in Lhe 

frw c:ases in which therc wcre only two images taken in a filter, the irnagcs c:o11ld only 

be awragcd (which will not rcmow the msrnic rays). The COSivIICRAYS task was 

then irncd to rernovc nearly all of the rcrnaining radiation events in thc combined 

frames, after \vhich Hv'IEDIT wa.s used to remove any rema.ining blemishes. At this 

point, the systematic va.ria.tion across the frame was ,...,_, 2Yc. 
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2.3.1 Sky Subtraction 

A low order polynornia,I; mmally a, tilted plane; 1,,vas fit to the sky s1irrounding thc 

galaxy on eac:h frame, 11sing D,JSURFIT. Grrnt. c:are was taken to avoid incl11ding 

in the fit any of the 01_iter regions of the ga.laxy itself or the halos of bright sta.rs. 

The sky subtraction proved to be pa.rticularly critical because of the large angular 

size and low surface brightness of many of these nearby galaxies and Lhe relaL.i vely 

small field of view of mof:lt of the observa.Lions. 

IL was found empiricall.Y Lha.L Lhe shapt o[ Lhe sky could be besL fiL b.Y setting 

sigma rejection Lo 3 sigma for both Lhe lower and upper rejection (:30-r,, :3a-u), while Lhe 

median value for Lhe sky inLeusity was best determined wiLh 3 sigma lower rejection 

and 0 sigma upper reject.ion (:~!'J"L, ()(}1_ ). This ·was possibly d11e to thc prescnce of 

1111rncro1rn background stars vvhich cont.rih11k only in a, positive sense to the sky 

inknsit.y. Therdorc thc (:~(JL, :fo1_) frame \Vas sc:aled to the lcvd of the (:ia-L, O(ju) 

frame. The sea.ling of the sky frame in this way did not introduce much a.clclitional 

error since the difference behveen the medians of the two frames \Vas less than ,..._, l o/c,, 

which is the approxima.te error in the sky level determination itself. This resulting 

sk.Y frame was Lhen subLracLed from the image, and Lhif:l sky-subtracted Ira.me was 

Lhen divided b.Y Lhe sk.Y Ira.me to produce a. nonna.lized sk.y-subLracLed frame. This 

Lechnique of nonna.lizing Lhe object frames serves Lo remove mosL of Lhe residual local 

errors (Pence 1978; Carignan 198:1 and 198."i: khikawa, \Vakarnats11; K~ Okamura 

1986). The pixd to pixel variation ac:ross the frame at thc end of the rcduction was 

less than ,..._, l %. 



27 

The effective exposl_l[e time, or the mean of the exposl_l[e times for all of the im-

ages tha.t \Vere combinecL the effective airmass determined with the SETAIRI'vIASS 

Laf::lk, and Lhe sk.Y level in ADU obtained from Lhe median of Lhe (:30'r,, OO'u) frame, 

were then added Lo Lhe header using HEDIT. finally the images were reoriented 

so Lhat ~orth waf::l at the Lop and EasL aL the leIL using IIVIT.RAKSPOSE and/or 

ROTATE, depending on the original orientation. 

2.4 Photometric Calibration 

Aperture photornd.ry vvas performed on the standard sta,r observations usmg the 

PHOT task in IH.A~'. An apertmc, irnually :iO pixels in radius (aJ least S x F\VHIVI), 

was automatically centered on the sta.nda.rd to be measl_l[ed, then a ra.dial profile 

was extracted a.nd exa.mined to determine whether the sta.nda.rd was saturated or 

contaminated by fainter stars. The most frequently occurring vahte, or mode, of the 

pixel va.luef:i in a. sky annuhrn was determined (after sigma. rejection) and Lhif:i f::lky 

level was subLracLed. The resulting counLs within the aperture were summed up and 

converted to a PHOT insLrurnenLa.l magnitude using 

[

a.pcrforc ADU] 
IllpJi,,t = -2 .. 5 log L -t- + zmag, (•) 1 ') ,,_ ... 

where ADU is the number of counts in Analog to Digita.l Units, t, is the exposure 

time in seconds and zmag; is an arbitrary, b1_1t fixed, zero point selected so that the 

mag;nihtdes come out to reasona.ble numbers. In this work zmag was always set 

equal Lo 26. 
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For crnwded fields typica.l of the glob1_1la.r chister fields of Davis ( HJSll), it is 

necessa.ry to use a much smaller aperture to avoid contamina.tion from neighboring 

stars. In these casei::l, several bright and relaLi vely isolated i::ltarn in the fr a.me a.re 

selected and measured ming both chis smaller a.pert ure and Lhe larger ("" :30 pixel) 

aperture, while the remaining sLa.rs a.re measured using only Lhe i::lmaller aperture 

(typic<llly"' .) pixels). Again, the radial profiles arc nsd11I for dct.cct.ing faint. nearby 

stars. Apcrt.1irc corredions <lrc then dct.crmincd for eac:h frame by <1Veraging the 

corrections for each of the bright, 1_mcontaminatecl stars selected. 

The PHOTCAL pac:k<lge was then irncd to ckt.crrninc the transforn1<1t.ion cq11a-

tions for photometric calibration. Transformation equations of the form 

n - I= lt(R-T) [(bplwt - kR * XR) - (iplwt - kr * Xr)] + ((R-l) (2.2) 

H =OH [H - /] + (bpfw{ - h'.H * XH) + (H (2.:~) 

f =OJ [H- /] + (ipfw{ - kl* ,\1) + (J, (2.1) 

were set up and verified with the IvIKCONFIG and CHKCONFIG La.i::i lrn. Here 

o: is the slope and ( the zero point. of the color and magnit11dc cq11ations, k is the 

extinction c:odncicnt. and X the airmass, and bpfwl and iplwi <lrc the instnmwnt.al H 

<lnd I magnit11dcs from cq11ation 2.1. 

The p<1ramder fit.ting proced1irc requires that cerbin inform<lt.ion be prepared 

for input into the PHOTCAL fitting routine, FITPARAivIS, 1_1sing the routines 

I'vIKII'vISETS and ::vIKNOBSFILE. These include the instrumental magnihtde of 

the standards, the image hea.cler files for ea.ch observation, the aperture corrections 

for ea.ch image, and a catalog of sLa.nda.rd i::ltar magni t udei::i and colors. 



Table 4a 
2.lm PhotomP.hic. Calihration 

Exlindion CoeJlicienls Transfonnalion Slopes 
H.tm # of lq1 Jq kB-1 O'!J '"1 

stds (J) (J) (J) (J) (J) 
Ni~ht 

Oct 2() 0.1G10 O.OG7G 0. I 120 0.081 I 0.00,17 I .0781 
1990 (0.0:369) (0.018:3) (0.0375) (0.0037) (0.0016) (0.00:37) 

20 10 

21 

Apr 64 0.1935 0.0412 0.1699 0.0711 -0.010:3 1.0926 
rn!.n (om~u) (O.o:ws) (0.0154) (o.oon) (o.oo:m) (0.0041) 

17 28 

18 59 

10 17 

20 50 

21 :11 

.Tan I 18 0.:1070 0.0000 0.2887 O.O.'i09 0.002:1 I .01GO 
109'.'l (0.0282) (0.0289) (O.O::l07) (0.00.'i I) (0.007G) (0.0071) 

23 50 

()8 

'l'ra.nsfor1na.lion Zero Points 
(B 
(J) 

(RVIS) 

-2.0504 
(0.004~1) 

[0.085) 

-2.02!)0 
(0.0043) 
[0.081) 

-2.0215 
(O.OO:J~l) 

[0.001) 

-2.0254 
(O.OOGG) 
[o_,Hf>) 

-2.0795 
(0.0218) 
[1.828) 

-2.070,1 
(0.007:1) 
[0.461) 

-2.0:315 
(0.00:34) 
[0.:1:11) 

-2.022,1 
(0.0042) 
[0.035) 

-1.7061 
(0.0052) 
[0.060) 

-1.77()2 
(O.OOG7) 
[0.053) 

(1 
(J) 

[IlMS) 

(B-l 

(J) 
(HMS] 

-2.8864 o.~1074 

(O.OO:Jl) (0.004J) 
[0.027] (0.062) 

-2.8798 0.02!)2 
(0.0023) (0.0045) 
[0.026) [0.060) 

-2.8D57 0.~14~15 

(0.0064) (0.0164) 
[0.0.'>1] (O.OG::l) 

-2.tl208 o.~1741 

(0.007::l) (0.0010) 
[0.07(;] (0.'1%) 

-2.9901 0.8450 
(O.OOD2) (0.0726) 
[O.D17] (0.~162) 

-2.92(;.1 0.%:1() 
(O.OO::l9) (0.0 I 02) 
[0.049) [0.554) 

-2.8D77 O.U4:Jl 
(O.OOJJ) (0.007U) 
[0.011] (0.:177) 

-2.898·1 0.%27 
(0.0025) (0.0047) 
[0.038) [0.065) 

-2.2658 0.6227 
(0.0085) (0.0103) 
[0.11J] (O.OU8) 

-2.::lO(;(; O.G780 
(0.0070) (0.0071) 
[0.076) [0.058) 

29 
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Table 4b 
0.9m Photometric Calibration 

Extinr:tion Coof"ffici~11ts 
kr 
(a) 

Tran~fonnation Slop~s 

:»q ' -'B-T 
(a) (a) 

O.:J:J.)tl 0.088.) 0.218'.J O.O:JLl -o.oorn~1 i.o.:;n 
(0.001::l) (0.00(;1) (0.027fi) (0.0,1:10) (O.Ori787) (0.00ri1) 

O.ltlJ.) 
(Jan!J:J) 

4m PhotomP.trk Caliht'at.ion 

Exlindion CoeJlicienls 'J:r·a.nsforn1alion Slopes 
kn kn kn-n .:.n Ofl etn-r<. 

(o-) (er) (er) 
0.2:1 0.10 O.l::l 0.0717 -0.0022 1.0820 
(canonical KPNO values) (0.1727) (0.0245) (0.0105) 

Tran~fonnation hf"ro Point~ 
(p 
((T) 

[HMS) 

-'1.08ri1 
(0.007.5) 
[0.024) 

-4.0:.171 
(O_OIO::l) 
[O_O::l::l) 

-4.029.5 
(0.0044) 
[0.018) 

-'1.0111 
(O.OOrifi) 
[0.017) 

-'1.7807 
(O.OB7) 
[0.120) 

-4.8:28.S 
(0.008!.l) 
[0.098) 

-4.8212 
(0.0102) 
[0.241) 

(1 
((T) 

[H_\'IS] 

( p_j 

(a) 
[H.MS) 

-'1.f.8,1(; O.rifi::l9 
(0.010:3) (0.0180) 
[0.025] [0.044) 

-4.6662 0 .. 5!.10.S 
(O.OOG I) (0.0092) 
[0.0 I fi] [0.021) 

-4.6689 0.61.51 
(0.0058) (0.007:3) 
(O.D22] [0.0'.28) 

-'1.GGG I O.fi092 
(O.OOGG) (O.OOCC) 
[0.016] [0.019) 

'J:1·a.nsfor1nalion 'Zero Points 
(n (n (n -n 
(o-) (o-) (er) 

-2.::l::l07 -2.(;(;12 O.::l.'i81 
(0.0196) (0.0277) (0.0094) 



The FITPARA1v1S ta.sk vrns used to perform an interactive linea.r least sq1_1ares 

fit, which allovvs bad observations to be fiagged and rejected. The fit was performed 

three Limes for each observing run. On Lhe firf::lt iteration, Lhe besL esLirnaLe of Lhe 

exLincLion was found by fiLLing Lhe enLire daLa seL (all f::ltandanfo observed on a given 

nm) and allowing k, n, and ( Lo vary. The extinction was Lhen f::leL Lo Lhif:i value 

and the: slope and 7.ero point wc;re fit again, to obtain the: va,l11e of the slope for the; 

entire nm. The final fit was pc;rforrnc;d holding both the; extinction mc:fficic:nt a,nd 

the slope constant >vhile determining the zero points for each night of the nm. 

For the; !\fay 87i nm, a common solution was ddc:rrnined for al 1 :1 nights as there: 

were too few observations of standard stars to allow an accl_l[ate nightly zero point 

determination. Also, equa.tions 2.2 to 2.4 were changed by repla.cing I >vith R. In 

Apr 9;~, once again there \Vere an insufficient number of standard star observa.tions. 

In Lhif:i ca,se Lhe Jan 9:3 observing nm extinction coefficient, kR, was adopted. Since 

only 13 o bf:lervaLions were made during Lhe A pr 9:3 nm, Lhe equaLiom simplify to 

(2 .. :J) 

whic:h 11nfort1matdy removes a,11 color dc:pc;ndc:nc:c; from the; fit. 

The: extinction mc:fficic:nts, slopes and 7.ero points for all the; rnns arc: liskd in 

Table 4a. and 4b. The standa.rd devia.tion of the fit, as well a.s the r.m.s. of the 

standa.rds from the fit for zero point are listed. 



2.4.1 Flux Calibration of Galaxy Images 

Th<e norrnali7.ed sky-s11btraded ga,laxy irnag<es were mnv<erkd into fl11 x calibrafrd 

irnag<es ·with th<e aid of ll\H'Ol-tl\ a ~-01-{l 'HAN programming environrn<ent design<ed 

to interface -..vith IRAF. This program, CA.LIB, accesses the relevant header infor-

mat.ion, namely the run a.ncl night of observa.tion, filteL effective a.irma.ss, exposure 

Lime aud sk_y level from the B aud I or R-baud image. The appropriate pixel scale, 

exLincLion and Lrausfonna.Lion coefficienLs and µhoLomeLric zero poiuLs a.re selected 

auLorna.Licall_y based ou Lhi f:l header inforrna.Lion. The (B - I) sky color iu rna.g 

(2.6) 

where the B-band instrumental magnitude is given by 

l __ , t". l . [CB sky] _ /.. " v· ') . lo. sky - 2 .. _> og -,2t f>.B ~- " "l..B + ~6, 
.'> ·H 

(') M') -··' 

wiLh a. similar equal.ion for -io •.• ky· CRsk 11 is the sky level iu i\Dl~ (Analog Lo Digital 

l~niLs) for Lhe B image, and LR and XR a.re Lhe e[edive exposure Lime and airmass 

for the H irnage. These paramders -vv<ere read dir<edly from the irnag<e heackr. Th<e 

plate scale, S', in arcsec pix<CJ- 1
, and the <extinction codfic:ient, kH, w<ere sekded 

based on the rnn and night inforrnation in th<e !wader. The :wro point shift of 26 

is chosen to keep magnihtdes consistent with the standards measured -..vith PHOT 

(see equa.tion 2.1 ). 

The sky brightness in ea.ch filter -..vas calculated using equation (2.E.i) 

(2.8) 



with a similar eq1_1ation for Isky· 

Since the images are in the form 

Cn.1(IJ) 
Cgal+sky(B) - Csky(B) 

( }sky( H) 
(2.9) 

all of the zero poiuL, pixel sea.le, aud extiucLion Lenni:i are couLained iu Lhe IJ .. ky term 

and fh1x calibrated irnages can sirnply be obtained by incl11ding the slopes, o, in the 

fol lowing -vvay: 

(2.10) 

with a similar eq1_1ation for F(J), and 

(2.11) 

The Dux calibra.Led images were calculated in uni ts of ergs/ s /cm~/ )1 x 1010 to avoid 

r01mdotf errors d1ic to small m1rnbers. IV!agnitmks calibrated on the standard syskrn 

were then calcnlakd irning 

B = -2 .. ) log [F(B) x 1010
] + 25, (2.12) 

with similar eq1_1ations for I a.ncl B - I. The additive constant of 2.) = 2.;) log; 1010 is 

presenL simply because the fiux has been multiplied b.Y a facLor of 1010 • 

2.5 Ellipse Fitting and Radial Profile Extraction 

The one-dimensional, a.zimuthaUy averaged radial profiles of the surface brightness 

of the galaxies, 11.(r), can be obtained b.Y ill.Ling ellipi:ies Lo Lhe gala.x.y isoµhoLes. Two 



fitting a.lgorithms vvere tested. The first, the ISOPHOTE package in STSDAS 

is based on an itera.tive least squares fit to a Fourier expansion, implemented in 

GASP (GAlaxy Surface PhotorneLr.Y package) by lVI. Cawson (Carter 1978; Davis 

tl al., 1985) a.nd dei:icribed iu some detail b.Y Jedrze.iewski (1987). Thii:i method 

is widely med in fiLtiug Lhe i:iurface brightnei:is disLributious of elliµLical galaxiei:i. 

The mntrib11tions of the va,rio11s krrns in the ~'mirier series indicate the nat11rc: a,nd 

extent of any deviation frorn c:lliptic:ity. However, it. is necessary to use a, modified 

techniq 1_ie when fitting the light of spiral and irregular gala.xies ( vd1ich have even less 

1rniform profiles), because the ISOPHOTE a.lgorithm often produces an unstable 

fit (Frew:lling HJSJ2). 

This la.tter techniq1_ie involves a fully two-climensiona.l linear fit of the ha.rrnonics 

to the image. The intensity in this case is parameterized by 

k 

I(r, <f!) = L I,,(r) coi:i {n [ 6 - <f!,, (r)]}, (2.i:J) 
n=O 

which yields a. direct (uou-i Lera.Live) linear deLerrniuatiou of Lhe fi L. This fiL is Lhen 

used a.ii the initial value for Lhe Ui:iual I'ourier series exµa.mion fiL as in ISOPHOTE, 

in order to obtain the: c:l liptic:ity directly. This procc:dme is implernenkd in GALP H O'J' 

whic:h >vas writ.kn by IV!arijn Franx vvit.h some modifications by Inger .11-wgensen 

(Franx, l llingvmrth &-: Hc:c:krnan 1989: .J0rgensen, ~'ranx f.z J<j~rgaard 1992). 

Stars and cosmic rays were masked 011t using J)AOPHOT (St.dson 1987) based 

routines called GALFIKD and CLASSIFY, >vhich genera.te several lists of pixels 

to be avoided in the subsequent fit. The ha.rmonic fit was clone using the routine 

HARJvIFIT, and a residua.I image was inspected for any remaining stars or cosmic 

ra.,ys which may have been previously ma.i:iked b.Y Lhe galaxy image. l\fosL of thei:ie a.re 



a1_1tomaticaUy marked and masked by the DEVIATE task which masks any pixel 

which deviates by more than ;) x r.m.s. from zero in this residua.I image. 

The results from the ha.rrnonic fit a.re then used as the initial values for the 

ellipse-fit Ling routine, EL LIP FIT. The ellipses were generall.Y allowed to var.Y m 

cenLer, position angle, and ellipLiciL.Y ouL Lo abouL 100 pixels , and ellipses were fit 

ouL to a. radius where only 60%, of Lhe points on the ellipse lay within the image. This 

h<id the <idvantage of incorpor<iting tlw sky dorninakd regions of the image into the 

profile:, <ii lowing the sky k:vcl to be chc:c:ked irning the task SKYCALC <is desc:rilwd 

in .l0rgensc:n rt al. (rng2). The sky subtraction det<ii led in §2.2.1 >v<is fo11nd to be 

adeq1_1ate and no changes vvere made to the sky level at this point. 

In order to fit ga.laxies as irreg1_ila.r as the ones in this sample, the aUmved errors 

in the sha.pe and position of the ellipse ha.cl to be increased from 2Yc to lOo/c,; the 

rema.ining va.lues for all the tasks were set to their clefa1_ilt values. 

:Most of the irregularity in these galaxies is a.ctually intrinsic to the ga.laxy (i.e. 

HII regions, not foreground stars) and contributes to the tota.l light, but must be 

considered excess to Lhe underlying stellar component Lhat is being fiL. Therefore, 

some modifications were ma.de to Lhe GALPIIOT package. The IIII regions and stars 

within Lhe galaxy were excluded from the ima.ge a.long wiLh Lhe foreground sLa.rs and 

cosmic: rays dming the fitting process. An addition<il t<isk, GETivI'C, was >vritkn 

to allmv the profik:s to be c:alrnlatcd from the: act11al g<ilaxy im<igc: rather than from 

the model image prochtcecl by ELLIPFIT. This is described belmv. 

Afkr the: ellipses had !wen fit and the rc:s11lting residtrnl image inspected for any 



rema.ining deviant pixels (and refitting performed as needed), the task I'vIODI'vIAGS 

was 1_1sed to calnila.te the surface brightness and tota.l magnitudes as a function of 

Lhe eifecLive radius, rf.f.f = yf;;b, where a and b a.re the semi-major and semi-minor 

axii:i lengclrn, respecLi vely. The La.i:ik wa.i:i run Lhree Limes. FirsL, iL used Lhe model 

inLensiL.Y calcula.Led from ELLIPFIT (Lhe original version of .~vIOD.~vIAGS). Thei:ie 

arc the profiles to whic:h the c;xponentials vvc;rc fitted as described in Cha.pkr :1 a.nd 

plotted in ~'igmc;s :i 61. Nc;xt, profiles wc;rc calci1latcd with the act11al inknsity 

including any HII regions and stars in the gala.xy, masked dming the fitting, but 

here inchtded through G ET::VIU. These are the profiles vd1ich are plotted as points 

in Figmes :~-64. FinaUy, aU foregro1rnd stars vvere included as well (again through 

GET.~vIU), in order Lo more easily ilhrntraLe which parts of the profile were being 

distorted by Lhe i:itarn which had noL been completely masked ouL. 

The profilei:i were magnitude calibrated by adding a zero poinL of 25. 0 (since 

Lhe Dux ca.libraLed imagei:i have been multiplied by 1010 ; see equal.ion 2.12) and 

Lhe radius wa.i:i converted from uniLs of pixels Lo a.rcseconds in I'vIODI'vIAGS. The 

resulting profiles were written to STSDAS TABLES format tablc;s, >vhich simplifies 

si1bsc;q11c;nt manipulation of the data. 

2.6 Comparison with Previous Data 

Snrfar,c; photonwtry exists for sevc;ral of the; galaxies in this sample;, frorn cithc;r 

photogra.phic or CCD images. The photographic data. include observations of UCC 

542:~ (Schmidt, Richter & Kara.chentseva 1985 ); UCC 7548, UCC 7596 and UCC 
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7G:)G by Binggeli & Cameron (Hl!J:)): and UCC 2017 and l~CC 205:) by Vennik & 

Richter (HJSJ4). The comparison with Ol_l[ data, in the sense D..µ,B = f.lB(CCD) -

flphoto , is f::lhown in the upper half of Figure 2. The deviation aL extremely low surface 

brightnef::ls levels is aHribuLable to f::lmall uucertaiuLies in the f::lky level, color gradieuLs 

(iiince Lhe paiisbands do noL ma.Leh) and the facL LhaL the profiles are dependent on 

the rc:d11dion kc:hniq11c: (choic:c: of "cenkr" of thc: galaxy). The: proximity of NGC 

·H72 to l:GC 76:i6 smdy contributes to the snrnll diiforencc: bdwc:c:n thc: Hinggdi 

& Cameron data. and Ol_l[ data. (see Patterson & Tlrnan 1992, for deta.ils of the sky 

subtraction in the case of UCC 7G:)G ). 

The surface brightness profiles obtained from CCD B-ba.nd data, is compa.red 

with our ovm data. in the lower ha1f of Figure 2. The l~CC 5709 and l~CC Gl51 

data are from 1frCa.ugh & Botlrnn (199:)); the UCC 8091 da.ta are from Carignan, 

Beaulieu & Freeman (1990); aud the l~GC 12151 <laLa are from de Jong & van der 

Kruit (1994). The intrinsic irregulariL,y of Lhe galaxies (especiall,y UGC 8091) makef:i 

it difficult Lo direcLl,y compare fil.f::l made using diif ereuL algorithms. In particular, 

the c:hoice of whic:h stars to c:xcl11dc: from the fit obviously has a grrnt impact on 

the final profilc:. Under thc:se limitaJions, it ·was frlt that thc: agrc:emc:nt with thc: 

. d ( . 11 f\ (-) r:: - 2 ) · 11 t j . L ,. ,-) previous . ata typ1c:a y; Ll/1H < .. )rnag arcsec _., as 1 us ,ratec m r igure ~; ·was 

satisfactory. 



2. 7 Presentation of the Data 

Irnrnediatel.Y following Lhis section if::l a series of figures which presenL the imaging 

daLa., a.fl well as the resull. f::l of Lhe ellip f:l e fitting for each galaxy. Iu figures :J-6:3 a 

grey f::l cale image a.long wiLh a contour plot a.re shown for ea.ch gala.x.Y for ea.ch baud in 

w hir,h it. >vas observed. The u~nter of the galaxy frorn the d lipse fitting, and the scak 

in arcseconds, is indicated on the contour plot. Helow these, the siirface brightness 

profile from the ellipse fitting is given both vvit.h (open circles) and ·without. (r,losed 

circles) the HII regions and stars in the ga.laxy included in the tota.l lig;ht. The a.ctual 

fit >vas made to the I-band image vvith the "HII regions" exchtded. This isophotal 

fit >vas then used to obta.in the profile fit inchiding these "HII regions". The B 

profile wa.f:l al f::l o obtained using the I-baud isophotal fit. The line f::l hown is a fit to 

Lhe iudicaJed region wilho-ul "IIII regious" 

In figures 64-7L the ellipticity a.nd cos( 40) Lenn, from the ellip f:l e fitting, aud 

Lhe color profile are f::l hown. The ellipticiL.Y (e = 1 - b/a) varief::l a great deal for small 

radii, but. us11al lwcornes stable at large ri:If· The adopted va,l1ic of the elliptir,ity 

(the average value of the elliptir,ity aJ large radii), irned to derive the indinat.ion in 

Chapter :1, is marked. The va,riation of the cos(-18) term indir,ates t.o some extent. 

hmv >vell the ga.laxies light is fit by an ellipse at a given isophote level. Devia.tions 

of this term from 0 a.re used to determine >vhether an elliptical g;ala.xy has "pea.nut-

shapecF or "pointy" isophotes. In the present application we use this deviation as a 

rnea.f:l ure of the a.pplicabiliL.Y of ellipLica.l i f:l ophotef::l Lo Lhese galaxies. II there is a. large 

deviation from 0 at a. large rf,fh the assumption of au underlying dif::l k if::l f::l uspecL. 
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Corrections to the mag;nihtde and HI linevviclth ( clisntssed in Chapter :f) based on an . , 

assumed inclina.tion are questionable under these circumstances, a.ncl these galaxies 

are excluded from the Tully-l'isher ana.l.ysis in Cha.µter 4. 

The color profiles were formed from the dilTerence of the average surface bright-

ness ( e.rduding "IIII regions~~; actually IIII regious as well as starn present. in the 

galaxy and masked for the ellipse fitting) within au elliptical annulus in each filter. 

The d lipses arc identic:al in each tilt.er, h;:iving been dekrrnined frorn the /-b;:ind 

1rnagc. 

Histograms of the si?;e dist.rib11tion of the "HI I regions" a,re shown in F'igmes 72 

7-1. The c:h1rnpiness of the distribution is cc:rnscd by the finite pixel si7.e. The radial 

and a.zimutha.l distribution of these regions are presented in Figures 75-80. The data. 

are presented in this \Vay to give a feel for the distribution of the regions which were 

exchtded from the fit. Beca1_ise the objects are not restricted to HII regions, it would 

be misleading to compare these data with that of authorn such as van den Bergh 

(1981) and Strobel, Hodge & Keuuicutl. (1991), who investigate the size distribution 

of IIII regious with respect l.o the global properties of the parent galaxies . 
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Figures 3-63: Images, Contour Plots and Surface Brightness Profiles 

of all Galaxies in the Sample. The first 0:1 (Fig;l_l[es :)-,:Ju) figures are of B and . , 

I pairs of images of galaxies in the sample, wiLh Lhe remainder being fl data and 

fl data wiLh no corresponding I data.. All of the images (upper panel) a.re oriented 

wiLh ~ orth a.L Lhe Lop a.nd EasL Lo Lhe lefL. 

The conLour plots (middle panel) are plotted in sLeps of 0.5 mag arcsec- 2
, sLa.rting 

at a cont.om lcvc:I of 27.0 for Hand Hand 25 . .:'i for /, nnlr;ss spc:c:ific-:ally noted on the; 

figure. The; higlwst contour lc:vr;I shmvn, irn11ally mrrcsponding to the: pr;ak surfac:r; 

brightness within the galaxy, is liskd. The: arrmvs in the; contour plot indicate the; 

center tha.t >vas used for fitting; ellipses, determined from the I - band image. The 

sea.le for both the images and contour plots is indicated by the sea.le bar in the 

contour plot. Also, each of the small tickma.rks around the contol_l[ and the image 

plots represent 20". 

The surface brightness profiles panels (aL Lhe boil.om) show the profiles (• ), ob-

La.ined from GALPIIOT, excluding the IIII regions a.nd sLa.rs a.nd Lhe exponenLia.l fit 

(described in Cha,pter :J) over Lhe indicated interval of radius. In addition, the poinLs 

including the HI I rr;gions and stars within the; galax y, b11t excluding forr;gr01md stars, 

arc plotted ( o) for mrnparison. In nr;arly r;vcry c:asc:, the /-band image >vas l!Sc:d in 

the ellipse: fitting. In the: fow cases vvhcrc: no I data was taken, they >vc:rr; fit to cithr;r 

the R- (if available) or B-band images. 
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Figure 3: UGC 00031
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Figure 4: UGC 00063
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Figure 5: UGC 00300
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Figure 6: Karachentsev 10
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Figure 7: Karachentsev 10 (Jan93)
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Figure 8: UGC 01981



B I 48

Figure 9: UGC 01981 (Jan93)
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Figure 10: UGC 02017
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Figure 11: UGC 02017 (Jan93)
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Figure 12: UGC 02034
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Figure 13: UGC 02034 (Jan93)
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Figure 14: UGC 02053
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Figure 15: Karachentsev 37
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Figure 16: Karachentsev 37 (Sep91)
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Figure 17: Karachentsev 37C (Sep91)
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Figure 18: UGC 02162
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Figure 19: UGC 02162 (Jan93)
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Figure 20: UGC 03212
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Figure 21: UGC 03384



B I 61

Figure 22: UGC 03817
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Figure 23: UGC 03966
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Figure 24: UGC 04173
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Figure 25: UGC 04173 (Jan93)
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Figure 26: UGC 04204
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Figure 27: M81dwA
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Figure 28: M81dwA (Jan93)



B I 68

Figure 29: UGC 05423 (M81dwB; Jan93)



B I 69

Figure 30: UGC 05706



B I 70

Figure 31: UGC 05709



B I 71

Figure 32: UGC 06151



B I 72

Figure 33: UGC 06248



B I 73

Figure 34: UGC 06596



B I 74

Figure 35: UGC 06628



B I 75

Figure 36: UGC 07295



B I 76

Figure 37: UGC 07548



B I 77

Figure 38: UGC 07596



B I 78

Figure 39: UGC 07608



B I 79

Figure 40: UGC 07636



B I 80

Figure 41: UGC 07684



B I 81

Figure 42: UGC 07882
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Figure 43: UGC 08091 (GR8)
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Figure 44: UGC 08683
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Figure 45: UGC 08760



B I 85

Figure 46: UGC 08833



B I 86

Figure 47: UGC 09128
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Figure 48: UGC 09391



B I 88

Figure 49: UGC 10031 (B–May85)



B I 89

Figure 50: UGC 10058 (B–May85)



B I 90

Figure 51: UGC 10290 (B–May85)
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Figure 52: UGC 10376 (B–May85)
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Figure 53: UGC 10669 (B–May85)
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Figure 54: UGC 12082 (Sep91)



B I 94

Figure 55: UGC 12894



B R 95

Figure 56: UGC 11764 (May85)



B R 96

Figure 57: UGC 12151 (May85)
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Figure 58: UGC 00772 and UGC 01171
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Figure 59: UGC 03860 (Oct90) and UGC 06628 (Apr93)



B B 99

Figure 60: UGC 07608 and UGC 08201 (both Apr93)
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Figure 61: UGC 10031 and UGC 10058 (both May85)
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Figure 62: UGC 10290 and UGC 10376 (both May85)
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Figure 63: UGC 10669 (May85)



Figures 64-71: Ellipticity, Cos( 4€!) coefficient, and Color Profiles of 

all Galaxies in the Sample. 

In Lhe upper paneL Lhe ellipticity, (; is plotted as a. function of efiecLi ve radius 

for ea.ch galaxy. Here f = l - (b / aL where b/ a is the ratio of the semi-minor to 

serni major axis fonnd from the /-band image (exc:ept ·when not available) using 

Lhe GALPIIOT routines. The ellipLiciL_y tends to converge Lo a. stable value as r 

increases. This is the vahte tha.t was a.clopted in order to obta.in the inclinati01L as 

described in Cha,pkr :i. 

The middle panel contains plots of the cos(48) term (or A.4 parameter) as a 

function of dfodiw radi11s. This parnrnd.er is cornrnonly irned in studies of elliptical 

galaxies to me a.sure the deviation from ellipticity of Lhe isophotes. In this case, we 

1_1se the parameter to obtain a measure of the applica.bility of elliptical fitting. Large 

deviations from 0 of the A 4 parameter indic:ak that the isophoks ·were poorly fit by 

ellipses. 

The B - I color profiles are plotted as a function of effective ra.clius in the 101-ver 

panel. The color profiles vvere obtained from the diiforence of the s11rface brightness 

measured within each elliptical annulus (a.gain, with the ellipses determined from the 

J-ba.ncl image). The surface brightness used here is the surface brightness f:rclnding 

the HI I regions and any stars present. ~'or the seven galaxies for which H-band 

<laLa. also exist, the fl - R profiles a.re plotted with open circles. In the ca,se of 

the 5 galaxies for which subseq1_ient I-band data. wa.s obta.inecl, the B - I color 

appears to be anornalo11sly red. This >vas thought to be caused by poorly dct.errnined 

Lrausfonna.tion coeITicienLs for Lhe J,fay8.5 observing run. 
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Figures 72-80: Histograms of the Size, Radial, and Azimuthal Dis-

tribution of "HII Regions" and Stars for the Galaxies in the Sample. 

Iliiitogra.rnii showing the iii.ze of Lhe regiom excluded from Lhe ellipiie Iitcing (a.ii 

either IIII regiom, or stars within the gala.x.y) a.re given in figures 72-74 for ea.ch 

galaxy. The: si?;c: is in parsc:c:s, hasc:d on the: dist.anc:c: for each galaxy liskd in Table: 

7 (Chapter:~). For histograms \vhich extend past the maximum shown in the figure; 

the actua.l number is given in parentheses next to the peak. The discrete, "spikey", 

naLure of the diiitribuLion is due to the finite pixel size. The racforn tm1alleiit, and 

oft.en largest.; peak 11snal ly translates t.o one: pixel on the: dc:kdor. A histograrn 

showing the: distribution for all the: galaxies t.akc:n as a vvhok is shmvn in at the: 

bottom of Figure 74. 

Histograms shmving the logarithmic radia.l distribution of regions from the cen-

Ler of the galaxy are shown in figures 7.5-77. Similar histograms µresenting the 

azimuthal distribution (rnea,sured counterclockwise from the \Veiit) of the regious 

arc givc:n in ~'igmc:s 78 80. !'dost. galaxies have: a, fairly smooth a?;in111tlrnl distri bu-

t.ion, though some display peaks \vhich correlate to ridges of star forma.tion. Aga.i1L 

at the end of each set of histograms; there is a figure shmving the distribution for all 

Lhe galaxieii La.ken a.ii a. whole (botcorn of figure 77 and figure 80). 
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Chapter 3 

Corrections to Magnitude and HI 

Linewidth 

3.1 Structural Parameters 

In order Lo derive physically meaningful information about the ( :3-dimensional) f:i trnc-

ture of the galaxies from the rneaf:i ured (2-dirnemiona.l) radial profile, it is necef:isary 

to <1dopt a rnodd for the distri b11tion of the 111rnino11s rnakri<1I ·within the galaxy. 

These models fol 1 into two c<1tegories; a, spheroidal bulge, or <1n exponential disk. 

There are three major parameterizations of the spheroidal b1.1lge, the empirical Hub-

ble law (Re_yuoldi:i 191:3, Hubble 1930), the theoretical rnodelf:i of King (1966), aud 

the empirical de Vaucouleurs (1948) ,-1 / 4 law. These three models fit elliptical galax-

ies <1lrnost equally wdl over a lirnikd range of radii. It is necess<1ry to h<1ve surfac:e 

brightness profiles extending over a large range of radii in order to differentiate be-

tween the models. 



The exponential disk model (de Va.uco1_1lel_l[S 1959) turns 01_1t to be a good fit to 

most disk like systems, such as Lhe ouLer parts of spiral galaxies (freeman 1970) aud 

irregular galaxies (Imµe.y, BoUmn & lVIalin 1988). 

However, in the case of low surface brightness galaxies, the range of radii over 

whic:h the profi Jes ext.end is ofkn so limikd that it is cxt.renwly diffin1lt. to distinguish 

behveen models. Note that the apparently dE ga.laxy UCC ::a (Figure :1) appears 

to be fairly well fit by a.n exponentia.l disk, a.lthough a spheroidal model (s1_ich as an 

r 1 / 4 law) does provide a margiuall.Y bet Ler fit. lu most other cases in the presenL 

sample:, the profiks arc much more irrcg11l<1r, making it diffirnlt. to decide, even on <1 

case by case basis, whic:h model provides <1 bct.kr fit. 

l "lwrdore, it \V<lS decided to <ldopt. the exponcnt.i<l I disk model desc:ri bed below: 

both because previous vrnrk has confirmed the validity of this model in the lovv Sl_lfface 

brightness a.nd di regime, aud because no significant deviation from Lhis model w <ts 

found in the present work. 

H should be noted, however, thaL a. further complication a.ri ::;es became Lhe disk-

like region rn<ly only lie in the out.er region of the gnfaxy. This combination of bulge 

and disk components is well understood in la.rger disk ga.laxies, but the faintness 

of chvarfs makes the profile decomposition into bulge and disk components more 

dilTicuH. \Vhile nuclear regions of enhanced sLa.r formal.ion a.re noL similar Lo bulge 

components, they do contribute t.o prono11nccd devi<lt.ions from exponentials in the 

smfacc brightness profiks in the region domin<lt.ed by sbr forn1<1t.ion (r.g. UGC 

2017, Figure 11: l~CC 8091, Figure 4:1). 
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3.1.1 Extinction and Orientation Corrections to Surface 

Brightness 

The observed surfac:e brightness ;rnd magnitlJ(k must be rnrreded for extinction, 

both from dust in our ovm Cala.xy (Agal L and from that in the galaxy being ob-

served (.4int)· In addition, a line-of-sight term must be included to correct the 

surface brightness to a face-on orientation, since it depends ou Lhe area. over which 

Lhe luminorn:; mail.er appears Lo be distributed. This is sirnµl.Y /110 ., = 2.5 log cos i, 

depending only on the derived inclination i. The mrrected s11rf<1ce brightness, pc, 

is therefore given by the follmving; equation: 

(.' obs .t .t 4 fl = fl - flga.I - .'1.int - • los · (:1.1) 

The A..9a1(B) term for the l~CC galaxies is taken from the RC:) (de Va1_1couleurs, et 

a.l. 1991), and is ba.sed on the HI observations of Burstein and Heiles (Hl84). For the 

remaining galaxies, the value wa.i:i simply inLerpolaLed from thaL for nearby galaxies. 

A rel<ltionship between the ext.ind.ion in H, H and /, 

A( H) = 0.62A( H); A ( I) = O. ·H A ( H), 

was obbined from <1 tabulation of inkrstcll<lr extinction as <1 fond.ion of vvavdength 

( Sc:heffier K~ ~~I si:isser 1988), and from L 11 r.t al. ( 1992). 

The value of A;,,1 dqwnds on the inclination, i, of the galaxy (assmning it is <1 

disk, as discussed above). This is obta.ined from the follmving; formula: 

2 . cos l = (b/a) 2 
- q,2i 

1 - q5 

The va.lue of q0 , the intrinsic a.xial ratio, is often taken to be 0.20 for spiral g;ala.xies, 

based origiuall.Y on Lhe work of Holmberg (1958) (Ilotl.inelli tl al. 198:3). A recenL 
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study of a la.rg;e sample of dvrnrf g;ala.xies by Staveley-Smith, Da.vies & Kinman (1992) 

lead them to determine Lhe mof:lt likel.Y value for q0 given b/a. Using Lhe relationship 

between 6(b/a), the observed axial raLio di;:;tribuLion function, and .f(q0 ), Lhe inLri1rnic 

<lxial ratio distribution function for an obl<lte dlipsoid<ll figm<e (Sandage, Fre<en1<1n, 

& Stokes, 1970; ~viihalas & Binney, 1981): 

. ib/a {( qo)dqo 
pla(h/a) = h/a J. · ?· . . . , 

· 0 (1 - q5)(b/a - lfc5) 
(:i.1) 

Lhey found 

q0 = 0.6.5(b/a) - 0.072(b/a)~·0 (:L5) 

provided <1 good fit to the obs<erv<ltion<ll dab. This knds to yield values for q0 whic:h 

<lre grrnter th<ln 0.20, whic:h is p<erhaps to be expected since the disk in th<ese srnalkr 

systems are likely to be less fiattened. As noted by l\IcCaugh & Bothun (HJSl4), the 

actual value adopted for q0 i;:; noL crucial ;:;ince iL;:; eifecL on the value of i is small 

compared to Lhe uncertainty in b/ a. \Ve adopL the formulation of Staveley-Srnith d 

al. ( eqn<ltion :i.5) for the intrinsic: axi<ll ratio for the remainder of this vmrk. 

The act1rn.l rel<ltion for A;n1(i) <ldopted is th<lt of Tully & ~'011q11c (1985): 

/li,.t = -2.5 log J(l + t:_,,,,ci) + (1 - 2.f) - t' · . . . , 
[ ( 

l ·-~SP<:"<) l 
Tser,1, 

(:3.6) 

where f is the fra.ction of light which is in front of the a.bsorbing; disk, and is taken 

Lo be 0.25. The op Li cal depLh, T, is La.ken Lo be 0.55 in Lhe fl-band, while iL i;:; only 

fUl in the H-band <lnd 0.2·1 in the /-band, from the rel<ltion between A(H), A(H) 

<lnd A(!) giv<en abov<e. This corredion is the on<e adopted for spirals by Pi<erc:<e & 

Tully (HJSl2) and Lu et a.l. (Hl92) among others. 

The Tully & Fouque formulation for internal extinction is applicable to norma1 

spiral galaxies. However, iL is quesLiona.ble whether Lhis, or a.n_y other ";:;imple" 
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extinction la\v is suitable for chva.rf galaxies vvith their extremely lmv metallicities; 

and irregular distribution of ga.f:i and light. The value for /li,.t derived from equation 

(:3.6) turns ouL Lo be large (> 0.4ma.g) for most of the sample. 

IL was therefore decided not Lo include Lhe /li,.t Lenn in Lhe surface brightness or 

rn;:ignitndes which ;:ire c;:ilcnlakd .. \o rnrredion for intern;:il extinction was <:tpplicd 

by Ca.rigna.n d al. ( HJSJO) when calculating; the optical chara.cteristics for CR8, since 

they felt the va.l ue of the term was too uncertain. Sta.veley-Smith et al. ( HJSJ2) a.lso 

apply no correction for internal extinction, stating that in dwarf galaxief:i (which a.re 

inkrprc;ted as having fat, in-A;:ited disks) any s11ch term is small. This agrees with the; 

early vmrk of Holmhc;rg (1958); who found no indic:ation of ;:in inclination depc;ndent 

internal extinction in the 10 irregular g;ala.xies in his sample. 

The vahte of the corrections A.gal a.nd Aint (this correction is not applied, and only 

lif:ited for reference) for the B-baud, as well <ts the line-of-sight correction term (for 

surface brighLuesf:i only), are listed in Table 5 for each galaxy. 

3.1.2 Exponential Disk Profiles 

If the underlying; light distribution of the galaxy is in the form of a.n exponentia.l disk 

of radius r, 

then the snrfar,c; brightness profile will he; wdl fit by a straight line ch;:iraderizc;d by 

the following eq ua.tion: 

p(r) =flu+ l.08Gr/o (:~.8) 
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where f.lo = -2.5 log ~o is the central surface brightness of the disk and o: is the scale 

length of the disk. 

The to Lal magnitude can be calculated for the galaxy b.Y combining an i1mphotal 

flux (within a reasonably bright isoµhote) with an exLra,polated flux from the ouLer 

exponential regions of the g<1laxy, 

where R is the efiecLi ve radius of the isoµhote for which the i:mphotal flux (~<R) was 

nwas11red. Clearly, 

(:1.10) 

where mH is the isophobl rnagnitmk at radi1rn r = H <1nd the remaining fh1x is 

( ;~ .11) 

Thi::; reduce::; Lo 

)"· = --i~ ,21 r)-0,,1110 :-R/0 (·_ h)/ , + 1.) U>J{ L,i. (}, \ ( . . (}, .· • ( ;~ .1 2) 

If we adopt Lhe notation u::;ed b.Y Lu tl al. (1993) (see also Lu 1993) and define 

<!>(a:) = (1 + :r)r-r, <1nd m ,x, = -2.5 log 21fo2 10-0· 11' 0 (the tobl rnagnit11de of <1 

g<1laxy whic:h is a pmcly exponential disk), the total rnagnit11de m 1 is then given by 

(:~.n) 

This value for the Lotal magnitude musL Lhen be corrected for galactic extinction 

(yielding <1 rn.~), in the s<:trne rn<:tnner <1s the s11rface brightness in the previ01rn sedion. 

However, in the case of rnagnit11des; no correction for the line of sight is necessmy 

(the A..108 term), and once again in this case; no correction for internal extinction is 

applied. 
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\Vhen the outermost contour level in the surface brightness profile is brighter 

than the standard isophota.l level ( e.q. B 2r.) iL was necessary Lo obtain the isophotal 

magnitude b.Y extra,polation. This is done as above: 

(:1.14) 

whc;re r 2.5 is the: dfoctivc; radi1rn at a, corrc;ckd s11rfi'lce brightnc;ss kvd, pc, of 

25 mag arcsec-2 • 

The 1_mcorrected disk parameters a.ncl magnitudes a.re listed for each ga.laxy in 

Table 5. The inclination and position angle were obtained from the ouLer if:lophotes 

of the I-band image (or fl or B if no I was available). The uncorrected central 

smfacc: brightness (p%,119) and sc:ale kngth (0:.HJ11 ) i'lre liskd, follmvc;d by the total 

n1i'lgnitudc: in H and I thi'it vv011ld result from a, pmdy exponential disk with the; 

given o and t-t0 . Finally, the galactic and interna.l (not applied) extinction in the 

B-band and Lhe line-of-sight correction for the surface brightness a.re listed. 

The results of the exponential fitting, corrected a.s described above, are listed in 

Table 6. The Band I central surface brightness (11.~1 · '), f.l~:i,c)) are listed a.fl well a.s Lhe 

dfoctivc; radius i'lt whic:h the: corrc:dc:d s11rface brightness is eq11al to 2.1 mag a,rcsc;c- 2 

(r~) along with the Holmberg radius (rf6 .5). Next the aperture magnitudes at the 

25th and 26 .. ) isophote for B and 22.;) a.ncl 24.5 for I a.re given. Finally the total 

corrected magnitude with (B~, I~) and without (B~-, I~-) Lhe identified IIII regious 

i'ind stars vvithin the; gn.li'ixy arc: liskd. 

For the: g<llaxic:s with prc:vio11s CC]) photometry (Figure 2); we; c:an mmparc: 

their total corrc;ckd mi'lgnitudc:s with ours. For UGC 8091 (GH.8) Carignan d al. 

(Hl90) list BJ. = 14.G:), \vhile \Ve find 14.5:) (with some cirnts present). This would 

appear to be satisfadory, especially since the brighLesL sLar "in" GR8 is a. foreground 
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15 .06 /l .5 .02 
1.'i.60/IS.52 
1.'i.77 /1.S.()2 

... / ... 
I .'i.0,1/11.8(; 

... /17.42 
14.77 / ... 
10.42/10.18 
10.04/IS.GJ 

.. ,/I G.07 
I H2/11.::l.'i 
16.10/L5.76 
15 .14/LS.03 
1.'i.l:J/14.82 
10.14/ ... 
1.:; .16 /IS .Utl 
l::l.'.'\7/l'.i.11 
12.17/ ... 
16.52/16.47 
14.54/14.50 
14.77 / 14.72 
10.66/ ... 
12.89/ 12.7.'i 
l.'i.OG/ ... 
14.82/14.76 
14.87 /14.87 
14.68/ .. . 
12.00/ .. . 
11.98/11.88 
l::l.72/l::l.70 
11.CJ'.'ljl 1.82 
14.39/14.32 
14.48/14.40 
10.20/1.S.% 
1.).69/ .. . 
l::l.f.8/ .. . 
I f;.12/1 !'i.CJ.'i 
16.16/LS.90 
16.16/LS.81 
14.08/lJ.tll 
14.17 /lJ.99 

... / ... 

l!j2 ,5/ l!j45 
(mag) 

13.59/B.37 
... /LS.30 
... /1.S.71 
... / .. . 
... / .. . 
... /I !'i.70 
... / ... 

15.45/14.75 
. .. /1.5.02 
... /14.tl.) 
. .. /I !'i .29 

I ::l.78/1 '.'l.f;::l 
13 .86/B.25 

... /B.64 

... /10.J7 

... / ... 
I I.JG/I 1.2(; 
12,,12; 12.::io 
10.48/ ... 

... /14.89 

... /14.04 

... / .. . 

.. ./ .. . 

... / 11 .. 'i(; 

... /L5.23 

... /14.39 

... /14.8tl 

... /14.44 

... / ... 
I ::l.%/ 1 ::l.70 

... /L5.32 
14.17/B.89 
1.'i.05/14.08 

. .. /14 . .)8 

... /14.2() 
12.87/11.97 

.. ./ ... 

... /14.75 

... /14.15 
lJ.68/lJ.47 

. .. /1.5.tlU 

... / .. . 
I 1.1 CJ/ .. . 
13 .28/ .. . 
13 .50/B.48 

. .. /1J.9J 

.. ./ .. . 

... / .. . 

... / 1 '.i.18 
I 1. 28 / 11. I(; 

... /B.93 
13 .79/B.32 
1.'i.56/ .. . 
1.'i.40/ .. . 

.. ./ .. . 
1.c;,,11 ;1 !'i .20 
15 .96/L5.44 

... / ... 
lJ.10/12.8() 

... / ... 

. .. /lJ.80 

B~ B~- Ij. l~-
(1nag) (mag) 

14.54 14.97 13.29 B.64 
14.76 15.12 15.28 L5.96 
1.).:37 1.).61 15.4() 1.S.82 
1J.6~l 14.14 
l::l.'.'\7 l::l.7!) 
l.'i,,H l.'i.f.f. 1'1.8!'i l!'i.0(; 
14.51 14.60 14.14 14.22 
16 .07 16 .60 14 . .5.5 14.99 
I.:UJ 1.'i.2~1 14. 7G 14.8.'i 
1.).18 1.).47 14.()4 14.tl2 
I ·1.81 1 ,c;.oo 1 '1.70 1 r. .oo 
1·1.08 1·1.81 l'.'l.!'i7 11.::lO 
13.45 13 .72 13.09 B.45 
14.02 14.62 13 .. 51 B.99 
10.10 10.42 15.Gl 1.S.87 
1.'i.72 1.'i.~l~l 15 .. 50 1.S.70 

CJ.8·1 10.1() 11.22 11.81 
CJ.71 CJ.78 12.11 12 .. 'il 
7.25 7.29 9.81 10.08 

14.99 15.78 14.82 L5.67 
1.:;.4~1 10.17 14 .. 5J 1.5.1.:; 
1.'i.5J 1.'i.~18 14.48 1.S.20 
11,,11 11.88 
1·1.f.7 l.'i.0() 1'1.01 11 .. '>2 
17.:31 17.70 15.01 LS.36 
14.54 14.78 14.08 14.28 
1().07 1().28 14. 7J 1.S.lJ 
1.'i.Jl 1.'i.56 U.8!J 12.94 
l ;) .CJI 1r;,,10 IG.02 l!'i.::lO 
l·U2 1·1.S7 l '.'l.GI l::l.8::l 
15.41 15.5:3 14 .. 56 14.66 
14.98 15.05 13.77 B.83 
14.65 14.8:3 lJ . .S!J lJ.7.'i 
1.'i.:35 1.'i.45 1J.!J8 14.UG 
1.).05 1.).78 1J.!J7 14.4J 
l::l.0() l::l.18 ll.7!'i 11.8-1 
12.01 12,,1::i 
16.43 16.52 14.71 14.77 
14.46 15.03 14.02 14.48 
14.6~1 14.95 lJ.J!J lJ.()2 
lG.10 lG.JJ 14.40 14.47 
12.f.() l ::l .18 
l·H'.'l l·HG 12.8'.'l 12.8.'i 
14.7:3 14.88 12.99 n.12 
14.84 15.79 13.44 14.33 
14.5:3 1.'i.4J 1J.G4 14.21 
11.87 12.54 
I ·1.8'.'l I .'i.'.'l,1 I '.'l.!'i'.'l I '.'\.CJ.') 
I ::l .f.8 I ·1.2,1 I '.'\. I 0 I'.'\.(; I 
1·1.78 1,-;,22 IJ.8() 11.20 
14.29 14.87 13.80 14.44 
14.32 14.56 13.16 B.33 
1.'i.86 10.:37 14. 78 lJ . .'itl 
1.'i.:38 1.'i.88 14 .. 54 1J.J7 
l::l .G8 l·HI 12.0G 11.0(; 
I ,-;.8,1 I (;.JG I G. I r; I '.'l.82 
15.75 15.95 15.:31 B.99 
15.66 16.CB 
lJ.78 14.25 U.G.5 lJ.21 
lJ.88 14.22 
12.21 12.24 U .. 50 12 . .)7 
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sta.r (1foss & de Va1_1couleurs 1986) and must be excluded from the fitting. CR8 

can be conr::;idered the mor::;t extreme example of an dwarf irregular with numerous 

IIII regiom and r::;tarn "dir::;t urbing" the underlying profile. Note the very irregular 

deviation bdwc;en the; s1irface brightnc;ss profiles of Carignan r.t al. and 011rselvc;s in 

Figure 2. The close agreement behveen om total magnihtde and tha.t of Ca.rigna.n et 

al. is gra.tifying and gives us confidence in the results we find in Chapters 4 a.ncl 5 

using the total magnitudes listed in Table 6 (and 8). 

UGC 121.51 was observed by de Jong & vau der Kruit (1994), who find fllR = 

l ·1.t:i ± 0.69 ;rnd mH = 1 :i.77i ± O.SS, cornpi'lred to om H~ = 1 :i.88 and H~ = 1 :i.52. 

'J'hc;y did not rnrrect for v.li'ictic: c;xtinction (AH= 0.21) so the n1i'lgnit11des rnrnpare 

even more favora.bly. :\kCai.tgh (1992) (see also :\kCai.tgh & Botlrnn 1994) observed 

l~GC .5709 and l~GC 61.51 but list magnitudes from the disk component a.lone. Since 

both of these galaxies <tppea.r to have rather smooth fl-baud profiles (see figures 31 

i'ind :i2), these disk rnagnit11cks can be seen as lmvc;r limits and cornpi'lred with 011r 

results. l\kGm1gh lists H1· = 11.92 for l:GC 5709 and H1· = l ·LiO for l:GC 6151, 

which a.re very close to our own total magnitudes of 14.98 and 14.u.) respectively. 

The discrepancy would be expected to increase if McGa.ugh had measured actual 

magnituder::;, but the extreme regularity of the profiles of these two LSD galaxies 

w011ld knd to rninirni7'e this. 

The i'lveragc; difforenc:c; and the devii'ltion arc; both ""0.2 rnagnitmks. Givc;n the; 

differences in technique of the different ai.tthors and the irregularity of the gala.xies, 

we feel satisfied >vith our res1_1lts. Again, the comparison of the CR8 data. is especiaUy 

reassurmg. 



3.2 Adopted Distances 

A distance for each gala.x.Y in the sample is listed in Table 7. Three important 

eifecLs must be considered in addition Lo the basic Hubble expansion when using the 

heliocentric HI vcloc:ities to obtain distanu~s. ~'irst, the cornxtion for the motion 

of the sun with respect to centroid of the Local Croup from YahiL Tamma.nu & 

Sandage (Hl77), 

D.vrc = -79 cos l cos b + 296 sin l cos b - :rn sin b, (:1 .15) 

was <1pplied, vvherc I <1nd h arc the gn.l<lctic: longitlJ(k <1nd l<1titlJ(k of the galaxy. 

Second, the correction for the Virgocentric infall of nea.rby galaxies based on the 

fonnulation of Schechter (1980) (see also Aaronson t l al. 1982) was applied. A 

Virgocentric infall velocit.Y of :JOO km s-1 for the Local Group and a. heliocentric 

velocity of 1026 km s- 1 for Virgo ·were adopted. The corrections \Vere c<1lculakd 

with the <1id of a, progr<1m provided by !'dark Whittle. 

Finally, the Nearby Cala.xy Atlas and Catalog (Tully & Fisher 1987; Tully 1988) 

were used to determine group membership for ea.ch gala.xy in the sample, and a. mass 

or luminosity weighted average redshift for all the galaxies in the group was adopted 

as the veloci Ly of the galaxy. De cause these d wa.rfs are so much lesf:l m<tssi ve than 

normal g<1lax ics whic:h dominate the groups, the chvmf vcloc:ity can indlJ(k pcrnli<1r 

motions of lrnndrecls of kilometers per second; the weight.eel average for the group 

should therefore provide a much more distance-inclica.tive velocity for the chvarf. 

Thi f:l corrected velocity is li f:l ted in Table 7. 

In the ca.fi e of galaxies which are not listed in Tull.y, the Atlas W<ts examined in 

order to dcterrnine likely group membership, based on gn.l<lctic: latit11de and longit11de 
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and systemic velocity, vu. This systemic velocity, 1_isecl by Tully & Fisher, is simply 

Lhe heliocentric velocity corrected for the solar motion with respect Lo the Gala.x.y, 

neglecting the Local Group dynamics, and is 

D.vu = :100 sin l cos b. (:1.lG) 

This is sirnil<lr to thc Di:vLo, <lnd varies from it by at rnost "" 90krn s- 1 in c:crtain 

directions. After the group vu \Vas obta.inecl, a correction for the Virgocentric infall 

was inade. 

A Hubble constant of II0 = 75km s-1 was adopted and the distances obtained 

from the group velocities a.re listed in Table 5. Two galaxies, UGC 8091 and UGC 

9128 (DJ)() 155 and ])])() 187) arc cxtrerncly nearby, possiblc rncrnlwrs of the Loc<ll 

Group (v<ln dc:n 1-krgh 1991 ). IV!any a11thors have lJRcd vari01JR independent distanc:c 

estimators, including brightest bhte and reel s1_1pergia.nts and size of the largest HII 

region Lo obtain disLa.nces Lo Lhese galaxies. for UGC 8091 these estimates include 

Lhof:le from Iloesf:lel & Danielson 198:3; de Vaucouleurn & Moss 198:3; Mof:ls & de 

V<luc011kms 1986~ and Aparic:io, Garcfa Pclayo f.z !'doles 19886~ for UGC 9128, ·wc 

adopt the dista.nce estimate of 1.11\:Ipc from Aparicio, Ca.rcia-Pelayo & l\foles 1988a. 

For the several higher redshift, LSB gala.xies, the velocity vrns corrected for the 

motion of the loca.l group and the Virgocentric infall, and the distance >vas obtained 

in a sLraighLforward wa.,y from this velocity. 

The distances, listed in Table 7, were Lhen used to calculate Lhe remaining µa.-

rarndc:rs in the: taJJle. Thc:sc include: the distanc:c rnoch1lus, the disk scale: lengths in 

the H and I frorn Table: 7i, converted to ki loparsc:c:s and thc absoh1tc rnagnit11dcs in 

Band I, with (Af1) a.ncl >vithout (Afl'-) the identified HII regions and stars present 

in Lhe galaxy. 



Galaxy 

:n 
();:\ 

:=100 
772 
1171 
KlO 
K102 

1081 
1081 2 

2017 
20172 

20:34 
20:34'2 

20!):=1 
21()2 
21622 

K37 
K:J72 

K:J7C1 

:=1212 
:i:=\8,1 
3817 
3860 
j~l66 

417J 
,117:=1'2 

,120,1 
JV181dwA 
JV181dwA2 

542:32 

5706 
S709 
GIGI 
()2,18 
6596 
6628 
66282 

72H5 
7S~18 

7!>9() 
7608 
76082 

76:36 
7684 
7882 
8001 
82012 

8683 
8760 
88:Jj 
~lU8 

0:=101 
IOO::ll 
10058 
10290 
10:376 
1066~1 

11764 
I 2082'2 

121 GI 
12894 

Table 7: Distance Dependent Quantities 

D m - ,\.f on C<J 

(km s-1 ) (Mpc) 
llO!J.1 14.8 

!'181.8 7.8 
118:=1.8 l.'i.8 
876.7 11.7 
792.1 10.6 
7!J'.Ul 10.6 
7!J'.Ul 10.6 

I :=171..'i 18.:i 
I :=171..'i 
1101.1 
1101.1 

71).5.5 
71).5.5 

I I 01.f; 
10:=\9.9 
10:39.9 
2127.1 
2U7.1 
2U7.1 
IG09.I 
1:=1%.1 
609.4 
797.9 
8 02.4 

1881.8 
1881.8 
28!'1 I . .'i 

:344.2 
:344.2 
j:Jl.7 

l!J70.4 
f,1:=\8.2 
I 7G7.2 
2011.9 
2874.9 
1:39:3.2 
lJ!J:J.2 
70:34.7 
I :i2G.O 
I :i2G.O 
.56.5.1 
.56.5 .1 

1J21).0 
1J21).0 
7180.0 
I :i2G.O 
187.9 
.s.58.0 
260.3 
J-50.4 
17:J.I) 

2G!'i:i.f; 
l:i!'il.·1 
2478.9 
2:397.7 
J700.tl 

!J-52.1) 
:Jl)O:J.4 
1091.2 
1798.(; 
.59.5.5 

18.:i 
14.7 
14.7 
10.2 
10.2 
1-1.7 
l:i.0 
1 3 .9 
28.4 
28.4 
28.4 
21.G 
18.fi 
8.1 

10.6 
10.7 
25.1 
2.'i.I 
:=18.0 

4.6 
4.6 
4.4 

21).J 
8.'i.8 
2::l.fi 
27.2 
38.3 
1 8 .6 
18.6 
tl:J.8 
l::l.7 
l::l.7 
7.5 
7.5 

l:J.7 
l:J.7 
9,;-;_7 

I.I 
2.5 
7.4 
:3.5 
4.7 
1.7 

;:i,c;_,1 
18.0 
33.1 
31.0 
4tl.4 
12.7 
48.0 
1-1.G 
2·1.0 

7.9 

(mag) 
:J0.85 
29 .. 1(; 

:=10.99 
:30.34 
:30.12 
:J0.12 
:J0.12 
:ii .:=12 

(kpc) (mag) (mag) 
0.54 0.0.S -11).:Jl -15.88 -17 .. 51) -17.21 
0.:=12 0.08 -11.70 -1·1.:=1'1 -1'1.18 -l:i .. 'iO 
I .2fi O.!'i!'i - I !'i.fi2 - I .'i.:=18 - I G.!'i:i - I !'i.17 
0.47 -16.65 -16.20 
0.43 -16.75 -16.37 
0.% 1.2-5 -14.1)8 -14.46 -15.27 -1-5.01) 
2.68 :J.J7 -1.S.01 -15.52 -15.!J8 -1.S.tlO 
O.GO 0.79 -l!'i.2.'i -1-1.72 -lfi.77 -IG.:i:i 

:il.::l2 1_,17 0.% -IG.09 -lfi.O:i -lfi.!'iG -lf>.·17 
:30.83 1.09 0.96 -1.5.65 -15.36 -16.19 -1.5.91 
:30.83 1.47 1.:37 -16.02 -15.83 -16.1:3 -1.5.83 
:J0.04 1.11 0.-51 -1-5.% -1.5.2J -16.47 -1-5.74 
:J0.04 1.26 0.70 -10.5tl -11).:32 -16.!J.S -10.5tl 
:=10.8·1 0.8'1 I .08 - I G.82 - I fi.22 - I 7.:i:i - I G.8.'i 
:=10.71 0.% 0.98 -11.fil -1·1.20 -IG.10 -11.8·1 
:30.71 0.96 2.20 -14.99 -14.72 -15.21 -1.5.01 
:32.26 4.12 1.61 -22.42 -22 .10 -21.04 -20.45 
:J2.21) 1).60 2.7!J -22.55 -22.48 -20.12 -l!J.75 
:J2.21) 11).40 5.10 -2-5.01 -24.~17 -22.4-5 -22.18 
:i I .fifi O.GG O.GO - I G.f;7 - I .'i.88 - I fi.81 - I !'i.99 
:il.::l.'i o_,rn O.!'il -l!'i.8(; -1.'i.18 -lfi.82 -IG.20 
29.55 1L37 o.:38 -14.02 -13.57 -15.07 -14.35 
:30.13 0.60 -18.72 -18 .25 
:JO.Li 1.01 l.2:J -1.S.48 -15.0U -16.11 -1.S.l):J 
:J2.00 1.17 l.:J8 -14.W -14.:JO -16.!J!J -rn.04 
:=12.00 2.:il 2.:=10 -17 .. 1(; -17.22 -17.92 -17.72 
:=12.90 l.7G l.G1 -IG.8::l -lfi.f.2 -18.17 -17.77 
28.31 0.47 1.28 -1:3.00 -12.75 -15.42 -1.5.37 
28.31 0.27 0.86 -12.40 -11.91 -1:3.29 -1:3.01 
28.2:J 0.21 0.21 -lJ.tll -l:J.66 -14.02 -14.40 
:J2.10 :J.52 J .. 51 -11).l)tl -11).57 -17 .. 54 -17.44 
:i1.f;7 ·1.G7 '1.7!'1 -19.(;9 -19.f.2 -20.90 -20.8·1 
:il.8(; 2.:=17 2.G!'i -17.21 -17.0:i -18.27 -18.11 
:=12.17 2.f.0 2.98 -IG.82 -lfi.72 -18.19 -18.11 
:32.92 1.99 3.87 -17.87 -17.14 -18.9.5 -18.49 
:31.34 2.77 3.0.5 -18.28 -18 .16 -19 .. 59 -19.50 
:Jl.:J4 :J.21 -l!J.:J:J -18.~ll 

:J4.81) 2.45 l.l)!J -18.4:J -18.:34 -20.1.5 -20.0tl 
:=10.(;8 0.70 0.7G -IG.22 -1.'i.GG -lfi.GG -IG.20 
:=10.(;8 O.f.2 0.81 - I !'i.99 - I .'i.7:=1 -17.29 -17.0(; 
29.39 0.57 1,:38 -1:3.29 -13.06 -14.99 -14.92 
29.39 1.81 -16.73 -16.21 
:J0.08 2.11 2.-5!J -10.25 -10.2J -17.8-5 -17.8:J 
:J0.08 0.54 0.72 -1-5.tl5 -15.80 -17.l)!J -17.51) 
:=11.91 2.% :i.81 -20.07 -19.12 -21.17 -20 .. ')8 
2!'1.21 0.08 0.11 -10.(;8 -9.78 -11.!'17 -11.00 
26.99 0.45 -1.5.12 -14.45 
29.36 0.42 1.11 -14.53 -14.02 -15.8:3 -1.5.41 
27.70 0.26 o.:3.5 -14.02 -13.46 -14.60 -14.09 
28.:J5 0.2:J 0.40 -lJ . .57 -l:J.l:J -14.4!J -14.15 
20.15 0.10 0.10 -11.81) -11.28 -U.:J.5 -11.71 
:=12.7-1 2_,10 2.89 - 18.·12 - 18.18 -10. !'18 - 19.·1 I 
:il.28 I.OS 1.87 -l!'i.·12 -1·1.01 -lfi.!'iO -17.(;9 
:32.60 1.75 3.2:3 -17.22 -16.72 -18.06 -19.23 
:32.02 2.46 5.96 -18.94 -18.11 -20.46 -21.46 
:J:J.47 2.4:J 2.00 -17.G:J -17.U -18.:J2 -l!J.05 
:J0 . .52 0.75 0.7!J -14.77 -14.57 -15.21 -10 . .):J 
:J:J.41 2.80 -17.75 -17.:38 
:=10.81 I .07 2.20 - 17.0::l - I fi.Gfi -18. I G - 17.CO 
:il.90 2.f.7 -18.02 -17.f.8 
29.50 3 .38 2.:31 -17.29 -17.26 -17.00 -16.93 

1::14 
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Ta.ble 8 conta.ins the R-band disk and magnitude informa.tion >vhich can not be 

found in the three previous tables. 

Tahk 8: h'-hand Photon1dric: Results 

Galaxy Jlo Ro.o !(Le) 
R2s/R2c ~ R o R O- Ji~ J'-

R ell! fl 11 , r '1' cx11 A111 
( ma·, ) 

ri.rcst'c~ . (") (mag) (~) . urcscc• (mag) (mag) (kpc) (mag) 
10031 22.82 11..f 15.85 23 .23 15.,12/15.25 15.19 1.5.7.5 0.99 -16.09 -1.5 .. 53 
10058 22.09 7.9 L-:d.J;) 22.10 15.1G/fa04 15.02 15.GO 1.27 -17.58 -17.00 
10290 22.20 18.2 l ::l.9:'\ 22.::ll ... / ... 1::1.01 1::1.78 2.7::1 -19.51 -18.74 
10376 21.96 6.9 15.~H 22.20 15.,M/15.37 15.32 1.5 .86 1.66 -18.1.5 -17.61 
10flfl9 22.12 8.0 t:'i.8:'\ 22.4·} ,)_,. a.ax I~ ~::1;1- - ' 15.51 15.75 0.49 -15.01 -14.77 
1176'1 19.63 .5 .0 1-1.11 rn.65 15.21/15.H 15.11 1.5 .. 59 1.18 -18.30 -17.82 
12151 22.00 L).7 14.20 22.:38 B.G4/l:L)G B.52 1:3.91 1.82 -18.:38 -17.99 

3.3 HI Linewidth Corrections 

The; g<llaxics in this sample: have; bec;n chosen to lie; in the; t1irbulencc domin<lted 

regime, and are therefore distinct from previmis Tully-Fisher samples. As a. first 

aLtempL Lo correct for turbulence, and in order Lo be consistent with previous work, 

however, we calculate a Lurbuleuce corrected III linewidth, following Tully & fouque 

(198.5). This formulation yields a smooth transition lwtvvc;cn the; c:asc of hnrnr 

si1mmation of the rotational and dispcrsional motions found for gi<lnt g<llax ics and 

quadratic summa.tion of the terms, >vhich is observed to apply for dvrnrf galaxies 

(Tull.Y tl al., 1978): 

(:1.17) 

Herc M/20 is the ohsc;rvc;d line; width at 20% of n1<lximurn ( D.v20 in Table: 1 ), M/iur b 

is a turbulent vvidth which is equa.l to '2k:cr,, vd1ich is equa.l to :)8 km s-1
, with 

It: = 1.89 (the factor which .Yieldii the 20%, width of a Gausf::lia.n profile) and with 



O'z = 10 km f:i- 1
, based on obf:lervaLions of face-on spirals ( t.g.J van der KruiL & 

Shostak. 1982). This v<1hw for thc m<1gnitude of the turh11knt componcnt agrees 

with aperhtre synthesis observations of chvarf galaxies (Tully et al., Hl78: Lo et al. 

HJ9:) ). H'crit defines the transition region behveen Gaussian profiles and do1.1ble-

homed profiles, and if:i Laken to be 120 km f:i - 1
. The rotational line width, H,',. rnusL 

still be corrcdcd for inclination, thcrdorc 

lV,'(TFq) = \Vr/ sin i, (:1.18) 

where we indica.Le thaL we have adopted Lhe corredious of Tull.Y & fouque by Lhe 

designation (T~'q). 

\Vlwn ll"20 bcconws sm<11 lcr th<1n ll"1,,,i, l+'Hol = 0. This is sirnply the point vvlwrc 

rota.tion becomes unimportant and the observed linewidth becomes domina.ted by 

turbulence (the exact transition point is of course defined by the choice of H'turb). 

Tully & fouque therefore define a. d.ynamical line width: 

Hi ;2 = Hi ;2 (' J T(1) + ·1 ()2 
l) r ' 

where the 4 0''2 Lenn is a presf:lure term. In Lhif:i way, in the case of spherical f:iynnnetry 

and uniform demi Ly, the rnasf:l interior Lo R is H,'}; R/ 4G in Lhe case of either pure 

circ:ular rnotion or pure random motion. Hcrc wc adopt a= 17 km s- 1
, by ass11ming 

O':r: = O'y = er., = 10 km s- 1 (de Vaucmilems, de Vaucmilems & Buta. 198:1). This 

dynamica.l linev»idth should serve as a better indicator of the total mass of the gala.xy 

and should therefore be better suited for use in the Tully-I'if::l her relaJion. 

\Ve will find Lhese ra.Lher f::l irnple correcLiom for turbulence to be inadequate for 

the intcrprcbtion of our data in thc next ch<1ptcr. The lincwidth mrrcction whic:h 

we fin<11 ly adopt is fmther modified, to model rnorc rcalistic:ally in indivichrn.1 dwarf 

gala.xies the ratio of turb1_ilent to rota.tiona.l motion. 



Chapter 4 

Tully-Fisher Relation for Dwarfs 

with Narrow HI linewidths 

4.1 Tully-Fisher Relation for Normal Galaxies 

4.1.1 Historical Background and Theoretical Basis 

Th<e observed relationship between th<e 21 cm HI li1wwidth and th<e absol11k magni-

tlJ(k of ;:i galaxy; knmvn as the T11lly Fisher or luminosity line-vvidth rdation, is on<e 

of the most widely 1_ised distance indica.tors for galaxies (see .J a.co by et al. 1992, for 

a recent review). The relative ea.fie o[ rnea.r:mring global III profiles and obtaining 

total magnitudes of ga.f:i-rich spiral galaxies make this a particularly straightforward 

distc:rnc:<e indic:ator. This c;:in be se<en wh<en th<e nwthod is contrasted with the primary 

distance indicator for ellipticals, the Fundamental Plane relationship (Dressler et al. . . 



1987) behveen velocity dispersion, effective surface brightness and effective radius 

which arose as an extension of the I'aber-J adrnon ( 1976) relation. 

As far back as Lhe early 1960's (Dieter 1962; Roberts 1962a, 1962b), it was 

realized thaL the relationship bet ween Lhe tota.l mass and Lhe III properties (III flux, 

HI rnass fr<1d.ion, angular si?;c:, and HI linc:-vvidth) of a g<1laxy could he: 1rnc:d to obtain 

the distance. Brosche ( 1971) pointed out a Hubble type dependence on the mean 

observed ''~nax ' \vhile Rogsta.d & Shostak (Hl72) noted a tight correlation between 

l·~"·"··" and the oµLical radius for a sample of Scd galaxies, and suggested that Lhe 

global propc:rtics of g<1laxic:s m11ld be: cornpkkly dc:sc:rilwd by the: Hubble: type: and 

\/m""'' h11t did not propose: this <1s <1 rndhod of obtaining the: dist.a.nee:. 

H<1l kmvski r.t at. (1971) \vc:rc: the: first to ckarly sbtc that "within <1 givc:n rnor-

phologica.l type, H't [the linewidth corrected for inclination] is correlated to the lumi-

nosit.Y". They also noted an externsion to d wad galaxies of Lhe diameLer-luminosi Ly 

relation found for spiral galaxies b.Y Heidmann (1969). 

IL was noL until the work of Tully & Fisher (1977); however, Lhat the usefulness 

of the: HI linc\vidth as a distanc:c: indicator was folly rc:ali?;c:d. They poinkd 011t the: 

extreme importance of having calibrators with \vell determined distances to reduce 

the sca.tter in order to make the relationship usehtl (or indeed even recogniza.ble, in 

the first instance) as a distance indicator. The.Y found a relationship of Lhe form: 

(4.1) 

which corresponds to 

.:.lfp9 :x -a log D. 1-'0 - b . (4.2) 

Tully & fisher give a simple physical argument to justif.Y this relation; namely, Lhe 



tota.l mass of the galaxy (from the viria.l theorem) is given by 

~ .. r fl A T .-'2 1nT ex L..l. v 0 (4.3) 

and if the Al//,. ratio is ass11rn<ed to be: consta,nt a,nd the empirical relation of f., :x: H2 ·8 

from Heidnrnnn (1969) for Virgo cluster spirals is adopted, then 

L. ,A T,r:'l.I 
1X L.l. ~O • (4.4) 

Th<e ·work of Tully K~ Fisher >vas done: 11sing photographic rnagnit11cks, corrc:dc:d for 

g;ala.ctic extinction and inclina.tion of the g;ala.xy; and HI line >vidths, also corrected 

for inclination (buL iu the opposite se1rne: rnagni t udes are corrected Lo "face-on", 

while inclinations are corrected Lo "edge-on"). This method was irnrnediatel,y seized 

upon by Sandag<e .\.,~ Tarnrnann (1976) as >vay to kst oth<er rndhods of distanc:<e 

dc:krrnination. 

The first major improvement in this techniq1_1e came a.bmtt vvith the 1_1se of infrared 

H-ba.nd magnitudes (instead of photographic or photoelectric visual magnitudes) 

by Aaronson, Iluchra & Mould (1979), who found a Lighter relationship (further 

improved in Aaronson el al. 1982). This improvement was possible because the 

(1mc:<erta,in) mrrection for extinction is n111c:h srnal ler in the: infrared (Aaronson d 

al. a.pply no correctionL and the luminosity is dominated by late-type giants in the 

infrared. This presumably vw1_1ld make the assumption of Ai/ L =constant va1id for 

all galaxies, regardless of L,ype. The dispersion in the II -baud relation is i""'v 0.25 

rnag (Pierce f,z Tully 1988). 

lkspite the hop<e of T11lly f,z ~'ish<er (1977) that thc:r<e sho11ld be ::rnod<est, if any, 

type: ckpend<encc'' in the relation, Roberts (1978) fo11nd a strong typ<e dqwndencc: 

for the linewidth a.t a constant absohite magnitude. This res1_1lt was systema.tically 

confirmed b,y Rubin tl al. (1985) iu both Band II. This L,ype dependence manifests 
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itself as a zeropoint shift in the TF relation for different types. This vrnulcl cause a 

smaller value for the slope Lo be measured, because of the L.ype dependence of 2l \/ . 

Itubin el al. found a slope for the TF relation of -10 for each type (Sa, Sb, Sc) 

considered sc:parakly. 

Aaronson d al. (1979) outlined the: physical b;rnis upon vvhich one: >vonld expect. 

a slope of -10 for the TF relation (a.lthough they fo1rnd a. slope of ,..._, -9.5 in the 

H-bancl, a discrepancy which is attrib1.1tecl by Rubin et al. to the dependence on 

L.ype). This slope implies 

(-1 .. 1) 

whir,h is also found to hold for dliptic<lls through the Faber .l<lckson relation whc:n 

\i~n ax is repla.ced vvith the velocity dispersion IJ (Faber & Jackson 1976). Aaronson 

et a.l. sta.te that s1.1ch a pmver law will nahtrally arise, from the viria.l theorem if 

Lhree con di Lions are Lrue: " (a) all galaxies have the same rnasf:l profiles and rotation 

ciirvc:s as <1 function of sonw dirnc:nsionlc:ss sr,ale length, (b) all galaxic:s have thc: 

same central mass surface density, and (r,) all g<llaxic:s h<lvr: thc: sarnc: nwan Al//,.." 

Conditions (b) and (c) imply constant centra.l surface brightness µ.0 (Burstein 

HJ82L >vhich is not observed over a. wide range in galaxies (Binggeli 1994~ Ferguson & 

Binggeli 1994). This is in marked contrast to Lhe earlier work of Freeman (1970), who 

found a cousLanL µ0 for spiral galaxies (buL see Bosma & freeman 199:3). However, 

<1 rc:q11irc:nwnt of r,onst.ant. snrfo.r,c: brightness <lvr:ragc:d over thc: disk c<ln <llso hc: sec:n 

to imply the power la>v result. If surface brightness is constant (L ex R2 ) then the 

virial theorem becomes: 

~1 LU.5F2 
.!...\-' vi r (X · F rna2; (4.6) 

which vields the L (X. \/
4 . power law result if Af/L is constant. ., ]]).(],J , 
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It is interesting to note that if Af / L ex L'1 and is not constant, then the relation 

becomes: 

L (X. 1,.r 1/(2~,+ I ).,,rn.r • (4.7) 

In addition, if f., ex H(2+c) so that neither smface brightness nor the rnass to light 

ratio are constant, then 
4+c 

(4.8) 

The slope for this modified Tf relation would then be (- 2r,~~,~~;+l), as opposed to 

-10. 

4.1.2 Nonlinearity of the Tully-Fisher relation 

\Ve have alrea.dy noted the effect tha.t the dependence of Ai/ L on H1.ibble type has 

on the zeropoint of Lhe TI' relation, which is actually observed as a shallower slope 

when the sample is not sorted by type. IV1ore recently ant.hors have noted that the 

relation apprnrs to exhibit r,11rvatme, in the sense that galaxies at both extremes in 

luminosity appear to be underhuninous a.t a given line>vidth, vd1en compared to the 

linear TF relation ( Aa.rouson el al. 1982; Aaronson tl al. 1986). The departure at 

Lhe faint end was attributed aL least in pa.rt to nouroLa.tiona.l (or turbulent) motion 

broadening the HI line-vvidth ( Hoifrnan, Hd011, K~ Salpekr Hl88). Hovwver applying 

a simple tmbnlent width correction as given by Hottinelli rt al. (198:i) or Tully & 

Fouq1.1e (HJ8,:J) does not entirely remove this deviation. For the brightest spirals, a 

relationship of decreasing metallici ty with luminosity (Botlmn el al. 1984) would 

ca.use these objects to appear mH.lerluminouf:l for a. given mass. 

The posf:libility Lha.t observational sources of error have given rise Lo this nonlii1-

earity has been investigated in depth (Aaronson .\.,~ .Vlonld 1986~ Hothnn & IVl011ld 
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1987; Pierce Hl88: Kraan-Korteweg, Cameron, & Tamma.nn Hl88: Bmstein & Ray-

chaudhur.y 1989), and while there is still a li vel.Y debate over the impact of J-falmquisL 

bias ou samples used Lo determine the Hubble Constant (Pierce & Tull.Y 1992; 

S;:rnd<lgc: 199·1'1 & 1991 b and reforencc:s thc;rein ), this sec;n1s im li kc:ly. 

Thc:ord.ic.al inkrprd.ations of the; nonlinearity have poinkd to dc:pc;ndc:nc:c; on the; 

environment (and therefore the formation) of the galaxies (Djorgovski, de Carvalho, 

& Ha.n 1988), as >vell as a luminosity dependence of the da.rk matter content of 

disk galaxies (Persic & Salucci 1988, 1990; J-fould, Ilau, & Bothun 1989; Pierce 

1991 ). The: 11sc: of the TF rdation to rnrnsmc; the dark m<ltkr mnknt of g;::ifaxies 

is poknti<ll ly one: of the; most powerful <1pplic:ations of this rdation, aside; frorn its 

primary 1.1tility as a. distance indicator. 

4.2 Motivation for this Work 

\Vhy should >ve examine the Tully-Fisher relation in chvarf ga.laxies? There a.re three 

main reasons, in light of the preceding discussion of the TF relation, for examining 

it in debi 1 for rhvarf g;::ifaxies. 

First, is the: ciirvat11rc: <lt the; faint c;nd real, and c:an it be attributed c;ntirc:ly to 

tmb11lencc:? If so, is there; <1 \V<lY to still use: a modified line; width <1S <ln indic<ltor of 

the mass? Tha.t is, is there a correction of the form 1.1sed by Bottinelli et al. (198:)) 

or Tully & I'ouque (1985), which will allow the raw III linewidth Lo be converted to 

a parameter which measures the mass, even iu dwarf galaxies? 

Second, we wish Lo determine the usefulness of the TI' relation as a. distance indi-

cator for ch.varfs. If the; c:11rvature can be rernovc;d, what is the remaining dispersion 



at the faint end? If it is small enough, the TF relation a.pplied to chva.rfs vrnuld be 

useful for determining the distances Lo nearby· dusters because of Lhe overwhelming 

numbers of dwarfs. l\'IeasurernenLs of the III linewidLhs already· exisL for a. large 1mrn-

bcr of (hvarf galaxi(:s ( Fisher K~ T11lly 1 g81: Sc:hncidcr rt al. 1990, 1992), whic:h ci'ln 

be potentially usehtl for mapping bulk fimv velocities. The Hubble type dependence 

for the TF relation among spirals (R1_1bin et al. HJ8;:J) limits the number of galaxies 

in a duster which can be used to obtain a distance. 

Fiuall_y, w haL can be determined about the dark mall.er con Lent of d wa.rfs using 

the TF relation (Pierce 1991 )? Is thc:r(: an indic:ation of inc:rc:as(:d di'irk mi'itkr 

content in dvva,rfs as mmpa.rc:d to more l11min01rn ga.laxi(:s? If so, this >vonld h(: i'I 

chte to possibly different formative processes for chvarf and normal ga.laxies. 

In order to address these questions, vve must first select a sample of galaxies which 

are appropriate for au in vestiga.tion of Lhe Tf relation. 

4.3 Tully-Fisher Relation for the Sample 

4.3.1 The Basic Relation 

As a first attempt a.t r:xi'lrnining the: relationship, we >viii sirnply plot the: lincvvidth 

versus the a.bsolute mag;nihtde for all of the ga.laxies for >vhich we ha.ve photometric 

data. \Ve will exclude the galaxies observed under non-photometric conditions, a.nd 

Lhof:le which were Loo large Lo fit entirely on Lhe CCD chip. Also excluded a.re UGC 

7636, sine:(: the: HI ddc:dc:d has h(:c:n stripped frorn the: dwarf ( Pi'itkrson K~ l"h11an 

1992; .\kNamari'I d al. 1991), i'ind th(:rcforc: th(: lin(:width will not h(: indic<ltivc 



of the mass. Finally, >Ve exchide Ka.rachentseva. :17 and :nc (IC:H2chvG), since the 

detected III profile is expected to be Lhe sum of the contribution from each of the 

galaxies , and not Lo either one alone. 

In figure 81(a), the linewidth, llr20 , without any corredious for inclination or 

tmb11lence is used: ·while in ~'igmc 81 (b), lV,'.(l·~'q), the line-vvidth comx:kd as de-

scribed in Chapter :1 (eq1_1ation :).18) following the method of Tully & Fmtque (HJ8;:J), 

is plotted. 

The LSB galaxies from our sample a.re plotted as filled squares, while the data 

for Lhe "narrow-lined d wa.rf" sample are plotted as filled Lria.ngles. Galaxies from 

the .Vl;:iy8 -5 observing rnn, marked with ;:in r in T;:iblc 1 (Chapter 1 ), arc assigned to 

the LS H c;:itegory if they have large lincwidths ( UGC 100-58, 10290 and 12151 ), and 

into the narrmv-lined chvarf ca.tegory if they have narrow line widths and a small 

redshift (l~GC 100:31 and 10669). The two inLermediaLe cases, l~GC 10:376 and 

11764 (inLermediaLe because while Lhey have fairly narrow linewidths, .6.1·20 = 69 

;:ind 107 km s-1 rcspcctivdy, they arc ;:it v0 > :1000 km s-1
) a,re rna,rked by open 

circles. 

The Pierce & Tully (HJ92 ) spira.l galaxies are plotted as open squares. In Figure 

8l(b) the TF relation from Pierce & Tully (HJ92) (which included gala.xies in the 

Local, Sculptor, a.nd J.'181 groups using 6 local calibrator galaxies with independenl.l_y 

dekrmined distanc:cs) is shown as a. solid line a.nd the relation from Pierce f.z 'J'11lly 

(1988) (using Virgo and l:rs;:i IV!ajor clnskr gal;:ixies ;:ind ;~ local cali br;:itor g;:ilaxics) 

as a clotted line for comparison, in order to show some of the observed range in the 

TF relation. The I -band rela.tions are shown in Figures 82(a) a.ncl (b), with the 

daLa. from the same sources a.nd plotted with Lhe same s_ymbols. 



-20 (a) 

-10 

... 
... 
... 

0 
0 

• 
• 0 

0 .8 • 
0 

Q ... Q D 
• O D O 

1 1.5 2 2.5 1.5 .2 2.5 3 
log t:,. V20 log w; (TFq) 

11.:'i 

Figure 81: B-band T1_1lly-Fisher Rela.tion. (a) is a plot of the observed line>vidth 
versu f:l Lhe absolute magnitude, while (b) f:l hows the corrected line width (equal.ion 
:3.18) . The open squares a.re Lhe galaxies from Pierce & Tully ( 1992)~ Lhe filled 
squares are the LSB galaxief:l from Lhif:l work, the filled Lriaugles a.re the uarrow-
lined dwarfa from Lhis sample, and Lhe Lwo open cirdef:l are inLermediaLe ca.fi es. The 
solid line in (b) is Lhe empirical Tull.y-fisher relation from Pierce & Tully (1992) 
;rnd th<e d<lshed line is frorn Pierce & T11lly (1988). Th<e :1 g;::ifaxies plotted <lt th<e 
cxtr<enw love r ldt in (a) h<lvc a raw line>vidth of less than :18 km s- 1 and th<erdorc 
<1 corr<eckd line>vidth of 0. They arc not plotted in (b ). 
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figure 82: I -baud Tully-Fisher Relation. Sa.me as figure 81 for Lhe I da.La. 



It is clear that the LSB galaxies from the sample fit the TF relation very well, 

while Lhe narrow-liuewidLh d wadf:l do uot, either before or after correction for Lhe 

iudinaLion and turbulence. It aµµearn possible that the dwarf linewidths have been 

"overcorrc;dc;d;;, whic:h is possible if c;itlwr the; indin<ltion mrrcction is too l<lrgc or 

the simple correction a.pplied for the turb1_ilence is ina.ppropriate. 

It shmilcl be stressed tha.t the turbulent correction could be wrong for all the 

gala.xies: hmvever, a slight error would be easily visible only in the narrmv-lined 

dwarfs with log .6.120 dof:le to 1.58 (log :JS km s-1 
). The abrupt fallolT o[ Lhe relation 

shown in Figme 81 (a) very c:losc; to this v<lhw indicaks that there is indcc;d a, tmb11-

lc;nt limit near ;rn km s- 1 
), b11t docs not indicak th<lt the 'J'11lly Fo11qrn:S corrc;ction 

is necessarilv of the correct form. 
" . 

4.3.2 Correlations with dispersion 

In order to invc;stigak possible; c<luscs of the dispc;rsion in the 'JT relation <lt tlw 

faint encL 'Ne examined the correlation of the residua.I from the Pierce & Tully (1992) 

relation >vith various observables. 

In Figme s:~, the TF resiclua.L 

(4.Sl) 

is plotkd <lg<linst the derivc;d indin<ltion, the "HI I ratio", the color; tlw rneas11red 

Holmberg radi1_1s; the a.bsolute magnihtde; the HI mass, and the profile shape. If 

the deviation from the relation is clue to observational erroL one vrnuld expect the 

iudinaLion Lo be the most likely· source o[ this error, because the correction of Lhe 

linc>vidth to c;dge on ckpcnds c:ritic<ll ly on the inclination. No correl<ltion is apparc;nt 
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vcrs1rn HI! H.atio (sec text). (c) Hcsidual vcrs1rn color and (cl) Residual vcrs1rn the 
optical (Holmberg) ra.cli us of the ga.laxy. No correlation is a.p pa.rent with a.ny of 
these pa.rarneters. 
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(Figure 8:)(a)). 

The "HII index" vd1ich is a measl_l[e of the area of the galaxy exchtded from 

the total magnitude (because of IIII regi01rn or stars)~ normalized by the total area 

of the galax.y, might be expected Lo correlate with the residual if there is some 

syskn1<1t.ic. probkm ·with the: tobl magnit.m.lcs >vc: <1rc using vvhic.h is c:a11sc:d by the 

exchision of the HII regions and stars. It vrnuld also indicate a dependence of the TF 

residua.I on increased sta.r formation in a galaxy, vd1ich vrnuld be expected if the star 

formation rate was high enough Lo disturb the global III profile, through the eifects 

of s11pc;rnovac; (West.pf ah 1 K~ P11c:hc 199·1 ). The H - I color might be cxpc;ckd to 

corrc:l<1t.c for asimilar reason. In twit.her c:asc: docs <1 corrdation apprnr to he; present. 

(Figure 8:1(bL(c)). 

The Holmberg radius is plotted versus the residual in Figl_l[e 8:1(d). The absolute 

magnitude is plotl.ed in Figure 83(e). As can also be seen in Figure 83(b)~ the efiecL is 

not linear with magnitude, though the dispersion does increase at lower luminosities. 

This is merely a consc;q1wncc of the increased scci.tkr <1t. the faint end. 

The: trend ·with log A/Hi ·which c<1n be seen in ~'igmc; 8:~(f) indicaks at least. that 

the dispersion is related to the HI properties of the sample, and not to the optical 

properties (or any errors in the measl_l[ement of these properties). 

FinaUy, the most drama.tic rela.tion is tha.t between the TF resichial and the HI 

profile shape (Figure 83(g)). The profiles have been cla::;sified in Table L <ts Gaussian 

( =l ), probably Ga1rnsian ( =2), probably Double; Hornc;d ( =:~), and Double; Hornc;d 

( = ·1 ). If the: uncertain cl<1ssific:ations <1rc c;xcl11dc;d, the; dichotomy of the: tvvo classes of 

profiles can be clearly seen (Figure 8:1(h)). Since the Caussia.n profiles are expected 

when the motion is largely (but not exdusi vely) turbulent~ while the Double Horned 
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(DH) profiles are found >vhen rotation dominates, the linevvidth is at the very least 

rnea.f:luring the mass in a different way in Lhe L wo ca.fies. 

This correlation, then, is what one would expect even m Lhe absence of any 

observational errors. The fact that Lhe galaxies wiLh Gausf:lia.n profiles exhibit such 

large: residuals c:vc;n afkr they have; bec;n corrc;ckd for turbnlc;nt motion, confirrns 

the suspicion that the Tully-Fouque correction for htrbulence is not adeq1_1ate. 

4.4 Modified Version of the Line Width 

In pla.ce of the assumption that all galaxies have a turb1_ilent component of :rn km s-1
, 

we follow S Lavele.y-Smith tl al. ( 1992), and a.ssume Lhat Lhe ra.Lio of rota.Lion to 

dispersion, 3, in a. d wa.rf gala.x.y is given by the inLriusic axial ratio, q0 ( equa.Lion :L5) 

in the following rnannc;r (Hinnc:y, 1978; Fall & F'rc:nk 198:1): 

(1+2q;) COS-l l/O - :3qo(l - l/C) 1 / 2 

qu(l - qZ)1/2 - q6 cos-1 qu 
(4.10) 

which follows from Lhe Lensor viria.l theorem (Binney, 1978) and holl'.18 for an obla.Le 

ellipsoidal disk vvith a 1wgligiblc; contribution to the: apparent axial ratio from a 

bulge; cornponent. Herc; i-;.0 1 is the; rnaxirrn1m rotational velocity and (J' is the vdocity 

dispersion. \Ve can then repla.ce H't in equation (.:~.17) with :t5882a (the factor of 
, ' 

:~ . .'.'>882 converts from er to hill width at 20Yc of the pea.k for a. Ca1_issian) to obta.in: 

2lV20 (:3.5882o-) [ 1 - e-(H'2o/i:wf] 

')(') ,-oo•) ·)2 -(1F20/120)2 
- .> .. 100-(T r , (1.11) 
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which is simply equation (:1.17) vvith a factor of sin2 i inchtded to remove the effects 

of iudinaLion, aud H-'rrit = 120 km s-1
. Since ll'j = 2l·~·,,t (even for dwarf galaxies; 

Tully el al. 1978), we find after subsLiLuLing o- = lV,'.(quad)/(2.Jlj) thaL, 

0 = ·2 . [ ' ( :1 !)88?) 
2 

(\V I ' )'l l lY: (quad) sin2 i + ~-jp~ (2e- · · 20 120 
- 1) + 

H,''(c1uad) [:3.5882\V20 [1 - e-(\V20/ 120)"]] - \V.2 
r ,,/7J 20' (4.12) 

which is a simple qua.clratic in lV,'(q1_1ad). 

A further assumption is introduced when we consider that the corrected line\vidth 

is correla.Led with the absolute magnitude presurnabl.Y beca.use Lhe mas::; is correlated 

wiLh Lhe lurninosiL.Y, and Lhe linewidth is rela.Led to the mas::; Lhrough Lhe virial 

theorem (sec discirnsion in §·1.1.1 ). The viria.I theorem in solar imits is 

~!rot 'l ')') l(l.) TTL ..'.'/ vir == L.dd X _ 1\ 1£r l'rot ~ 

or 

. rot ,- • • - 5 r . l 
(

H/i ('JTr)):! 
Al., . .;.,. = '.L~.~ x 10 r,.;r 

2 
, ( '1.11) 

with r vir the virial radii.ts ( us1.tally taken to be the Holmberg radii.ts for chvarfs a.ncl 

R 2s for spirals) iu kiloparsecs, and l·~-.,t aud lF/ (Tf q) are gi veu iu km/ s. The rol 

in dic:a.ks th at this rn<iss is cak11 l;:itcd <1ss11ming rotation alone (except for thc const<int 

;:idditive fa.dor of ]8 km s- 1 
). 

Howcvcr, if thcrc is ;:i significant mntri b11tion from random motions then this 

must be generalized to (Staveley-Smith et a.l. HJSJ2): 

(4.1.5) 

or 
- (VV;( c1uad)) 

2 

.lfrot+turb = ',) ')') X lWr . r · - · ( l + ')/ :f) .... t.nr .-.tt - ,~hr 2 . ! ;-~· (4.lG) 



It \vo1_1lcl be eq1_1ivalent to substitute 

(4.17) 

for M';2 in the; Tully ~'ishc;r rc:l<ltion (with M';2 (q1rn.d) obtained from solving the; 

qua.clratic in eq1_iation (4.12)L if we still wish to plot the huninosity versus a "line\vidth". 

\Ve plot the modified linewidth versus the absolute magnitude in Figure 84, vvith the 

Pierce & Tully galaxies a.gain represented by open squares. Iu Lhis case we plot 

only the galaxiei::l from our sample which are have profiles which are either dearly 

Ga11ssi<1n (ti 11 c;d tri ang ks) or c lc:arly D011 b le: Hornc;d (]) H; ti I led sq11arc:s). 

The: most striking fratmc: of this plot is the dic:hotomy bd.wec;n the Ga1rnsian 

and DH ga.laxies. The overall appea.rance of the relation is much closer to that for 

Lhe raw linewidths (figure 81(a)) than for Lhe Tull.y-fouque modified line widths 

(Figure 81(b)). There is dearly· a. difference in Lhe Af / L dependence on L between 

the Ga11ssi<1n <lnd the; DH gnfaxies. 'J'hc; tr<lnsition ocrnrs at Al~ f'V - Hl. 

At this point it might be: more: informative; to plot the l11minosity vc;rs11s the; vi rial 

mass (from equation 4.1 G) directly~ ins tea.cl of "hiding" the mass inside this modified 

line\vidtlL lV,'(mocl). This is shovm in Fig;l_l[e 8.:J (a) for the same points as in Figure 

84. 

4.5 Turbulence Alone? 

Is it reall_y necessary Lo include both turbulence and rotation in the formula for the 

linevvidth in such narrow lined dwarfs'? In this section \Ve: look <lt the; dfrds of 

ignoring robtion c;ntirc:ly. 
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). ( d) Ma.f:is as in (a.) for Gaussian profiled galaxies 
and as in (c) for Double Horned profiles. Iu each panel, Lhe f:i olid line repref:i ents 
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If the Caussia.n HI linewidth is assumed to be solely due to turbulent motions 

iu the galaxy, Lhen Lhis width can be divided iuLo Lwo diifereuL components (Lo d 

al. 1993): dispersion within a. cloud (<er,;>), due Lo the Lemperature of Lhe cloud; 

;rnd dispersion br.hvrr.n clouds ( CTc-c), d11e to r<lndom motions of individual clouds 

in the potential >vell of the galaxy. The observul single-dish velocity dispersion 

(crT = ll·'20/ (:1.5882)) is then just the quadra.tic sum of the two components. 

VLA observations of nine chva.rf g;ala.xies by Lo ff al. find a range for < CTv > 

(averaged over the entire galax.y) of between 4.0 Lo 8 .. 5 km s-1
, wiLh au avera.ge of 

5.1 krn s-1
. Adopting this vah1e, and set.ting \ ~. 01 = 0 in equation (1.1 ·1 ), \Ve have 

.~1· turb - •) 33 105•' . ·3 [ ' l·lT /'3 t:'.00•)) 2 (5 4· )2] , 1• vir - _ ... · X r "".. ( · · 20 · •. )oo_. - . . . (4.18) 

The viri<ll mass frorn t.1irbulence alone is plotted vers1rn the h1minosit.y in ~'ig1ire 

85(b) arn:L for compa.rison, in Figure 8;'.J(c) we plot the virial mass clue to rota.tion 

alone (equa.tion 4.14). . , 

The line>vidth for spiral g;ala.xies, vd1ich are dominated by rotation (double horned), 

are described adequately b.Y the Tull.y-fouque approximation. Iu facL, it is mislead-

ing to apply the modified line-vvidth developed in §1.1 to spir<lls, bec<lnse the observed 

<lxial ratio for a. spiral is not an indication of the intrinsic: axial r<lt.io, <lnd hence the 

velocity anisotropy (Staveley-Smith ff a.l. 1992); but rather is merely a.n indication of 

the inclination of a. disk which is assumed to be intrinsically circular (Holmberg 1958; 

IlotLinelli el al. 1983). Therefore, in figure 85( d) we ploL Lhe 111;,;'.; b+rot from equa-

t.ion (-1.16) for the g<lla.xics which exhibit Gaussi<ln profiles (tnrh11knc:e dominated) 

<lnd the :ll;,~;'it frorn equation (1.l:i) for the DH (rotationally domin<lt.ed ) g<lla.xics. 

Again, in this sample, it is clear tha.t there is a difference in the Af / L for the hvo 

clas f:l es of galaxies. 
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4.6 Is the Effect Real? 

In order Lo see if the dichotomy bet ween L urbulent- and rotaLionally-supporLed 

galaxier::; is observed to occur for all galaxies in the manner we have r::;een above, 

we exp;rnded the s<lmplc by indm.ling data from the lit.cr<lt.1irc. It is necessary for 

each a.dditional ga.laxy to have an accurate: a.bsolute magnihtde (which req1_1ires an 

accurate dista.nce): axial ratio (in order to ca.lculate either the inclination or /{ the 

velocity anir::;otroµ,y); and III linewidtk as well as a. III profile with high signal-to-

noise in order to cl<lssify it. as either G<lnssian or Do11blc Horned. 

In Figure 86, 1N<e plot. the viri<ll mass versus the h1minosit.y for g<llaxics from 011r 

mvn s<lrnplc as ·well <ls <ldditional points from the literature. As in Figure 8.":i(d), 

1 ~fl-li . .,-b+rol f. · (.4 lf') ' l f. tl 1 ' l ' } } 'l . (' t 1e N ••i i· rorn eq1_1at10n · . J rs 1_1sec or 1e ga. ax1es vv llC l ex 11 :ut _,a1_1s-

sian profiles ( Lurbulence-dominaLed) and the .:.lf~:f/ from equal.ion (4. i:3) for the D II 

(rotationally-dominated) galaxies. The additional poinLr::; are from Stavele_y-SmiLh, 

Davies, & Kinman (1992), frorn their observations of dwarf and LSH g<llaxics: !Vk-

Ca.ugh (1992) (also :McCaugh & Bothun HlSl4), from his observations of mostly LSB 

gala.xies: Lo, Sargent, & Young ( HJSJ:1), from their VLA observations of extremely 

faint dwarf galaxies; Pierce & Tull_y (1992), Lhe Tully-Fisher calibrator galaxier::; from 

Lhe previous figurer::;; Romanir::;hin, S Lrom, & S Lrom ( 1983), from Lheir r::;ample of LSD 

spirals; T11lly (1988) (NHG); from which we sekded <lll g<llaxics with Al~> -Hi for 

which there was an accurate ~\-'~ 0 ; and Carignan, Demers, & Cote (1991), for data. on 

the Phoenix dwarf gala.xy, -..vhich appea.rs to be a.n intermediate type between dwa.rf 

spheroidal and dwarf irregular (see also van de Rydt, Demers, & Kunkel 1991). 

The solid line represenLr::; the relation lli / L = 1, and an_y locus o[ cousLanL ma.ss to 

light. ratio rm1st. be para.I kl to this line. The two dotted lines a.re not fits to the d<lt.a. 
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figure 86: Virial l\fa::;s/Lurniuosity Dia.gram. Sarne a::; figure 8.S(d) wiLh additional 
points from Lhe literature. The solid line i::; Lhe line for 111/L = 1. The Lwo <loLLed 
lines are Af / L (X L-0 ·07 (for Lhe Ga.msiau profiles; see §4.8) and Af / L (X L0-~ (for 
Lhe roLatiug galaxies; see §4.9). They do nol indicate fits Lo the data. 



The dotted line thrmtg;h the Caussia.n dwarfs is the rela.tion A1/L •x L-0 ·37, with the 

z:eropoint adjusted to fit the data. This relation arises from the theoretical model of 

Dekel & Silk (1986) for supernovae driven mas::;-loss in dwarf galaxies embedded in a 

rn<lssiv<e d<lrk halo (se<e also Hh1rnenthal d al. 1981 ). In this scenario, the supernovae 

drive most of the ISl\I 01.tt of the galaxy, vd1ich remains bound, due to the dark ha.lo. 

This model >vas advanced for the formation of chvarf spheroidak b1.1t Dekel & Silk 

speculate that incomplete mass los::; may result in Lhe fonna.tion of a. dwarf irregular. 

Thi::; relation, which i::; seen to represent a good fit to Lhe data, will be discus::;ed 

forth<er in §1.8. 

The dotkd line thro11gh the "norrnaP' galaxi<es is the relation Al/ !1 :x: /_, 0·2 , whic:h 

is implied by the Fundamental Pla.ne relations behveen velocity dispersion, smface 

brightness, and elTedi ve radius for ellipLica.l galaxies (Dressler d al. 1987; Ferguson 

& Binggeli 1994). The relation also appears Lo represent a good fit Lo the spiral 

d<lta, and is briefly disCllssed in §1.9. The transition ocCllrs at log !113/ I<:~ "' 8.:1 or 

log Al/Al,:~"' 8.6, whic:h is disCllssed in §·1.8.1. 

In Fig;me 87 the Cai_issian dwarfs are plotted alone. A formal least-sq1.1ares fit 

to the points yields a rela.tion of Ai/ L :x r-IL30±0.l6 (shovm as the dashed line) vvith 

a dispersion a.bout Lhe fiL of 0.94 mag. Similarl.y, in figure 88 we have plotted only 

Lhe DII galaxies. A least-squares fit yields Af / L (X L0 ·25±u.:n (the dashed line) with 

<1 dispersion of 0.8:1 n1<1gnitndes. 

The i1d.11al relation indic:akd by tlw dotted lin<e in Figme 87 is given by log /_, 13 = 

1.4:).) log; Ai - 4.2:) in solar 1rnits. The luminosity of these Ca.ussian dwarfs can 

therefore be calculated from the mass from equation (4.Hi), which depends on the 

observed line width and the axial ratio. The results of the fits for the data. in a.11 the 
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figure 87: Viria.l l\lass/ Lurninosil..Y Diagram for Gaus13ia.n Profile Galaxies. The 
solid lines represent the relations 111 / L = 1 and lli / L :x. L-o.:J7 (Dekel & Silk 1986; 
see §4.8). The dashed line is Lhe lea.st-squares fit Lo Lhe da.La. 
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figl_l[es a.re listed in Table SJ (§4.li.l ). 
' . 

In Figl_l[e 89, \Ve replot the points from Figure 88, after removing the extreme 

low surface brightness gala.xi es from Lhe sample ( Lhe daLa. of McGa.ugh 1992; aud 

SLa.veley-SmiLh el al. 1992). \Vha.L remains a.re normal spirals (from Pierce & 

T11lly 1992; H.on1<1nishin r.t al. 1982: and from this sample), 1JS11ally used to define 

the Tully-Fisher relation in the first place. Also shovrn are the LSB spirals from 

Romanishin, Strom, & Strom (Hl82); these are not gala.xies of extremely lovv Sl_lfface 

brightness iu couLrasL Lo Lhe ~\:kGaugh sample. The correla.Lion is much improved, 

<1nd the rdaJion for c1 liptical g<1laxics disc:11ssed in §1.9, from Dresslc;r d al. (1987) 

is a good fit to the d<lt.a. The formal least sq11a,res fit leads to a, rel<1tion of Al/ / .. ex 

L 0 ·35±o.49 (the dashed line) >vith a. dispersion of 0.57 magnitudes. For comparison, 

Lhe internal nns dispersion for Lhe blue Tull.y-fisher relations is ou the order of 0.35 

mag (Jacob.Y el al. 1992), Lhe larger dispersion can be a.LtribuLed Lo Lhe fact thaL a 

sample spc;cifically sdc;ckd for lJS<C in determination of tlw T11lly-Fisher relation has 

strict c:rikria for inclination, <1nd the; distanc:c; is dekrmined indqwndently (and 1s 

not simply determined 1.1sing a redshift with virgocentric correction) 

The inclusion of the LSB gala.xies would be expected to worsen the fit (as is 

seen iu figure 88), since Lhe lli / L for Lhese giant disk gala.xi es, wi Lh a. ver.Y difierenL 

history of star fonna.Lion, musL be difierenL from thaL for normal spirals. 

4.6.1 The relation for the I -band 

Although the number of s1.1itable ga.laxies for >vhich I-band data. is a.vailable is 

small when com pa.red Lo the da.La. available iu the fl-band, it is desirable to aL lea.::; t 

chec:k the rel<1tion in the; longc;st wa.vdc;ngt.h avail<1blc;. If the; dfrds seen in H arr; 
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Figure 89: Virial l\fass / L1_uninosity Diagram for DH sample (LSBs excluded). Same 
as figure 88, wich Che LSil galaxies from J-IcGaugh (1992) and SLavele_y-SmiLh tl 
al. ( 1992) excluded. The da.shed line i::; Lhe leasL-square::; fit Co the points in 
Che figure. The clo::;e fi L of the spiral da.La Lo Lhe Af / L 1x L 0 ·2 relation found for 
elliµLicab (Dressler tl al.) in di ca.Les Lhat the formaci ve processes are similar. 



pl_l[ely chte to interna.l extinction corrections, 'Ne should be able to discern this from 

examining the I relation, for which Lhif::l would be significantly smaller. This wa.f::l wha.L 

origiuall.Y prompted us Lo obtain daLa. in Lwo widely separated bands. Because Lhe 

dfc;ct seen in F'igme 87 is such that it c011ld be; (and has bc;en) <lttrib11kd to increased 

sca.tter at the faint end (in Fig;l_l[e 8G, for example), 'Ne have thus far concentrated on 

the B relation, for >vhich there vrns a substantial arnmmt of reliable cla.ta a.vailable 

( especiall.Y Sta veley-Smi th el al. 1992; for the luminosiL.,y range of iuLeresL). In this 

section we ploL the I data aud compare Lhe resulL.f::l wiLh Lhe fl relation. 

In F'igme 90 \Ve plot the; the Gam;sian (a) <lnd J)H (b) galaxic;s for >vhich there 

1s I dah (<lg<lin \Ve c;xcl11dc; the; LSH galaxic;s of !V1cGa,11gh in (b)). The; variation of 

Ai/ L with L for the Ca1_1ssian sample is still pronounced, and a.p pears to have the 

same slope as seen in Figure 87 for Lhe fl data. However the DII galaxies appear 

Lo have a. nearly comtant AJ / L when observed iu I. This Leudency for the f::llope 

of the rel<ltion to steepen to nearly 10 whc;n observing in longer vva;vdc;ngths is wd 1 

doc:11rnc;nkd (Aaronson, Hnchra, K~ \:']onld 1979: .Jacoby r.t al. 1992). It is rnost likely 

chte to both rnetaUicity effects and the larger (and therefore less accurate') correction 

for iuLema.l exLindiou in fl (see §4.9). The formal leasL-squaref::l fiL Lo Lhe poinL.f::l in 

(a.) yields au exponeuL of -0.26 ± 0.25 ( f::lhown as a. da,shed line; com pa.re to Lhe f::lolid 

line >vith an exponent of -!Lil) >vith a dispersion of 0.90 mag. The fit to (b) gives <ln 

exponent of a.bo1_1t 0.02 ±O.:H >vith a. dispersion of 0.7.) magnitudes (the clashed line). 
' , 

These fits are summarized in Ta.ble SJ. In the table the sa.mple, corresponding figure 

number, and baud in which the observa.Liom were ma.de are listed. This is followed 

by Lhe slope (a) and .zeropoinL. (b) (with errorn) of Lhe relation logL =a logAJ + b 

in solar units. The exp01wnt o: of the h1rninosity ckpendc;nce of :\1 / !i(cx //") is liskd 

next, a.long >vith its error. Finally the r.m.s. of the fit in dex is listed a.long >vith the 
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~'igmc 90: /-hand Virial IV!ass/Lmninosity Diagrams. (a) is the sarnc is ~'igmc 87; 
for thc I data (om Gaussian sarnplc, and onc point frorn IVkGa11gh ). The points 
still secrn to follow the :\1 / li :x 1..-o.Cl7 relation frorn lkkd & Silk (sec §1.8). In (b) 
the relation is plot.kc! for thc I data ·with DH profiles (LSH galaxies excluded; as 
in Figme 89 ). The data. fall along a relation with a skepcr slope than in Figmc 89; 
which >vo1.1ld be expected if the JI/ Lex Leu trend in Fig;me 89 is chte to rnetaUicity 
effects. The trend in the I -band is one of nearly constant Af / L. See §4. 9. 
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dispersion in magnitudes (ama9 ). 

The important point in the context of this vwrk is that the slope for the Caussia.n 

sample is noL dependent on the wavelength of the observation. This again points to 

the fact that this is noL an obf:lervational elTed, but is an intrimic difference present 

behveen the Ga1rnsian (dwarf) s;:irnpk ;:ind the DH (spiral) sample. 

Table 9: 
Mass/Luminosity Fitting Results for Samples 

Sample Figure Band # a b ex r.rn.s. CT-niag 

Gaussian 87 B GO 1.44±0.:3:3 -4.2:3±0.00 -0.:30±0.lU o.:377 0.04 
l)H (spiral s) 88 H fl8 0.80±0.24 t .20±0.76 0.2."i±o.:n o.::i:rn 0.8:'l 
"good" DH 80 B :3G 0.74±0.27 1.9:3±0.8;) o.;3,:;±0.40 0.227 0.57 
Gaussian 903 I tfl 1.:rn±0.4fl -:'l.52±1.:'l·) -0.26±0.25 0.:'l59 0.90 
DII 90b I 20 0.98±0.33 -0.'19±1.00 O.OL±0.3,1 0.300 0.75 

4.7 Surface Brightness and Color: Distance In-

dependent Tests 

In examining the physica.l meaning of the IR Tully-Fisher relation (Aaronson et 

al. 1982), Burstein (1982, 1988) found Lhat the observed relation did noL imply a 

const;:int AI//.., sinc:e the Al//_. was found to depend on the h1rninosity. In order 

to investigate the relation in a distance independent rn;:inner, he formed ;:i hybrid 

surface brightness from the H-band aperture magnitudes. 

\Ve 'Nill adopt this surface brightness for the DH sample of ga.laxies: 

... H; - H0 "I h> ') r:: I (f: / ) ,'J - J' + .1 og .,,;,. + ~.,1 og . J a , (1.19) 
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where the tota.l a.ppa.rent magnihtde, Bj1
., is from Ta.ble G or the literature; R vir is the 

viria.l radius used in equation (4.1:3) buL expressed in arcseconds, and b/a if::l Lhe axial 

ra.Lio. For Lhe Gaus f:i ian f:i<unple, we use Lhe f:i<une expression, without the correction 

for inclination. as discnss<ed in §:~.1.1, 

SB = B~ + 5 log Il,,1r· (4.20) 

In Figure 91, 'Ne plot the line vviclth versus the surface brightness. In (a) the 

linewidLh wiLh corredious from Tull.Y & fouque (1985) (equation 3.18) if:i µloLLed for 

<ll I the: points, while in (b) the rnodific:d line: width (equation 1.17) is irn<ed for th<e 

Gaussi<ln dwarfs. While: thc:r<e is mor<e sc<ltkr, it is ckar that the: diagr<lnl is showing 

the same effect seen in Figure 85 ( c) and (cl). As pointed out by Pierce & Tully 

(1992), this surface brightness rel a Lion (Figure 91) should be iuse1rni Live Lo eif ecLs 

o[ sLar formation and extinction in the sample, but semiLive Lo changes in Lhe III 

prop<erties. In twit.her c<lse do the: Gmrnsian dvv<lrfa fall on the s<lnw rc:l<ltion <ls tlw 

normal (DH) spirals. Tlw signific:antly sm<lller dispersion for the: relationship se<en in 

Figure 91 (b) gives us confidence tha.t our procedure for correcting the linewiclth for 

Lurbulence is correct. Again, Lhif:i relation seems to indicate LhaL Lhere is noL onl.Y a 

Light relatiouship between Lhe mas f:i and lighL within Lhe Gaus f:i ian dwarf sample, but 

<llso that it is distinct from th<e rc:l<ltionship found for the: sample: of spirals. Again, 

the LSB points in the DH sample are exchtded (see above), as >vell as the LSB spirals 

from Romanishin et al. and ~kCai_tgh. 

The color/ line>vidth relation is shovm in Figure 9L >vith the line>vidths calnila.ted 

in Lhe same wa.y as in Lhe previous figure. All of the data for which B - I colors 

exist ar<e plotkd. This includ<es most of th<e g<llax ic:s in this sample, <ls well as th<e 

LS H galaxi<es of l\kGa11gh and the: normal spirals from Pierce: ,\~ Tnl ly. Pierce & 
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Figure 91: Surface-Brig;htness/Linewidth relation. (a) is a plot of the observed 
line\vidth, corrected as in equa.tion (:~.18) versus the B surface brightness either 
from eq1_1ation (4.Hl) for the DH sample or from equation (4.20) for the Caussia.n 
sample. In (b), the modified form of the line\vidth (eq1_1ation 4.17) is used for 
the Caussia.n sample. All symbols a.re the same as in Fig;me 80. Compa.re the 
lack of correlation for the Gaussian dwarfs in (a) with Figureii 81 (a.) and 85 ( c). 
The relation iieen in (b) for the Gaussian dwarfs, difierenL from LhaL for Lhe DII 
sample, should be compared Lo figures 84 and 85 ( d). The presence of Lhe efiecL in 
Lhe surface-brighLness/linewidLh indicates Lhat the correlation seen in the earlier 
figures is nol a distance efiecL (13urntein 1982).The the di1Terent behaviourn of Lhe 
Ga11ssian sample and the ]) H sample in eithc;r figmc s11ggc;sts that the dichotomy 
disrnsscd in §1.8 is real. 
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Tully note that this diagram is sensitive to recent differences in sta.r forma.tion. The 

Pierce & Tully spirals (open squares) form a continuum along with the DII galaxies 

from our sample, while the LSD disks lie to Lhe red side of this, implying less sLar 

formation, ·which is obviously the: c<lse in thc:se "crouching giants". In contrast to 

this, the C a.ussian sample is distrib1_ited over a large range in color, with hardly any 

spread in the linevvidth. 

The color/linewidth rela.tion is also sensitive to the internal extinction, and since 

we have chosen noL Lo apply any such correction to our sample (§:3.1. l), we should 

perh<1ps be concerned that the: sc<ltkr in Figure: 92 is largely due: to uncorrc:dc:d 

inkrnal extinction. However, the range in color obsc:rvc:d ('"" 2.7irnag) is much grrnter 

than would be expected from any model for internal extinction. In addition, we have 

already seen (S4.:3.2, figure 8:3(a)) thaL there is uo correlation of the Tully-fisher 

residual wiLh inclination. 

4.8 Evidence for Mass-Loss within a Dominant 

Dark Halo 

4.8.1 Theoretical Basis 

The: prc:r,ipit01rn drop in the: h1minosity with mass lwlmv <ln <1pp<1rent threshold of 

,..._, 108
.ri JJ,?,, vd1ich is close to the minimum mass for a stable, rotating disk (Toomre 

HJG4; Fall & Efstathio1.1 1980; Ashman 19Sl0), can be understood naturaUy within the 

framework of supernovae driven mass-loss within a dark halo, according Lo Dekel & 

Silk. Hc:r,ausc: the: energy frorn the supernovae wi 11 drive: rm1ch of the: ISIVI 011t of the: 
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Figure 92: Color/Line\vidth relation. (a) is a plot of the observed linewidth, cor-
rected as in eq1_1ation (:tl8) versus the B - I color for a.11 the ga.laxies vvith I data. 
In (b), the modified form of the line\vidth (equation 4.17) is used for the Gaussian 
sample. All s_ymbolf::l are Lhe f::lame as in Figure 86. Again, Lhe Gaus f:i ian dwarfs do 
noL follow Lhe relation f::l een for Lhe DII f::l<unple, wiLh the DII galaxies getting bluer 
as Lhe linewidLh gel.ii smaller (al f:i o seen in Pierce & Tully 1992). The dispersion in-
creases dramaLica.lly wiLh Lhe Gaus f:i ian f::l<unple, and Lhe color and linewidLh <tppear 
uncorrelated, f::l uggesLing difierenL f::l tar fonnaLion his Lori es for the two f::l amples. 
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g;ala.xy, if the g;ala.xy's mass (including the dark halo) is lovv enough, sta.r formation 

will drop dra.ma.Licall.Y (in the case of ells) or cease (in the case of dEs, where the 

en Lire IS:rvl has been removed). The dark rnaL Ler ha.lo is crucial in order to keep the 

dwarf b01md afkr rnlH:h (or all) of its gas has h<ec:n removed. 

The: supernovae driven rnass loss sc:<enario also wi 11 rid the galaxy prdc:r<entially of 

high metallicity gas (in the form of the supernova ejecta itself) (Vader HJ8G; Hl88). 

This would explain naturaUy the extremely low-metaUicity of dwarfs, while still 

allowing more than one generation of star formation to have occurred. It ha.s long 

be<en rc:ali?;c:d that. simple: c:hernic:al c:voh1tion models of HCDs >vhich do not t.ak<e into 

acc:01111t rnass loss cannot. reproduce the: heavy d<emc:nt ah1mdanc:<es and gas mass 

fractions observed (1fatteucci & Chiosi ms:~). 

This model is also attractive beca1_ise of its possible explanation of the existence 

of Iaiut blue galaxies in deep CCD frames (T.yson 1988). Ba.bul & Rees (1992) 

propose Lha.t Lhese objecLr::; are dwarf ellipLica.ls undergoing there firnt bursL of sLa.r 

formation; vvhich drives a>vay the: remaining IS!Vt in this scenasio. They identify 

present-day chvarf ellipticals as the surviving members of this population, preserved 

in high pressure environments, while those formed in lmv pressme regions would fade 

away. It is not dear if this ca.n fully explain the discrepancy between Lhe number of 

Iaiut blue galaxies inferred to exist from obr::;ervaL.ions and the local galaxy luminosity 

function. 

lkkel f.z Silk dd.errnin<e the c:ritical velocity, \o;.'('.;i, bc:lmv which si1hstantial gas 

loss is possible. This velocity is dependent on the density a.ncl temperature of the 

interstella.r medium~ given reasona.ble assumptions for the a.mount of energy gener-

al.eel b.Y supernovae. The.Y find \/~,,-it Lo be only very weakl.Y dependent ou the ga.r::; 
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number de1rniLy, with a value l"v 100 km s-1
. 

Thercfore, in this scenario, chv<lrfa arc simply g<llax ics ·with viri<ll vdocitics bdmv 

<lb011t 100 km s- 1 ·which lrnvc e xpcricnc:cd si1bsbntia,I (or mrnplek, in the c:ase of 

dEs) mass loss after a primary bmst of star forma.tion. This velocity corresponds to 

a mass of l"v 108
.ri - 109 ·5 A{~; . The range is masses is due to the fact that the critical 

masf:i depends not only on l~r it buL alf::l o the hnninosit_y of the galax_y (see figure 6 

of lkkd & Silk ). 

4.8.2 Observational Evidence 

All.hough this model was the theoretically favored explanation for Lhe striking dilTer-

ences between dwarf and maf::lsive galaxies (d. Silk, \V_yse, & Shieldii 1987; De Young 

K~ G<ll lagher 1 ggo: Sandagc K~ Hoifn1<ln 1 gg1: \Vyse l 9!n; <lnd I k '{01mg & Hec:krn<ln 

HJ94L little observational evidence existed for such outfio-vvs of supernovae driven gas 

1rntil }feurer et al. (HJ92) fo1rnd dramatic evidence for a.n expanding s1_1perb1_ibble of 

ioni.zed gas in the IlCD, or "post-f:itarburst" galax_y, NGC 1705. Subsequent work 

by Hunter, Hawley, & Gallagher (199:3) and J.farlowe el al. (1994) provide evidence 

that this plwnonwnon is ocrnrring in <l m1rnber of low l11rninosity sbrb1irst g<lla,x-

ies. In addition, Pa.pa.deros d al. (HlSl4) find evidence from ROSAT data. for hot 

gas 01_1tfiow in the BCD VII Zw 4(B a.nd Thua.n et al. (1994) find very broad line 

components in IIo- profilef:i in a number of I3CDs. The III holes obf:lerved by Puche 

d al. (1992) in Holmberg II <llso support this pictme. 

IVl11c:h eifort has becn ckvokd to dderrnining Al / Ii for the loc:al d ~~ g;::i.l<lxies 

(e.g. Aaronson & Ols7.evvski 1987; Hender K~ Nido 1990; Hcnder, Paq11d, & Nido 

1991; Carter & Sadler HlSlO). The results seem to s1_1pport the Dekel & Silk model . . 
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(JI/ L •x L-0·37), althmtgh the diffirnlties in measuring ra.dial velocities for faint, 

weak lined stars a.re cousidera.ble (Peterson & Caldwell 1993; Ferguson & Binggeli - - -

1994). 

Because the model was mainly conceived a.s a wa..y of explaining the o bf:lerved 

propcrties of gas dc:plekd dEs, vvith the inchrnion of dis nearly as ;rn <1ft.erth011ght, 

little attention has been pa.id to ells in the light of this model. Pierce ( 1991) does note 

that the Af IL for disk ga.laxies below log LI/ L~~; rv 9.8 appea.rs to change abruptly 

(compared Lo a transition seen in Figure 90 aL logLr/L~, rv 8.5-9.0), and suggests 

the lkkcl & Silk scenario <1s a. possible cxplanation. However, it seems unlikely that 

the lkkcl & Silk dwarfs muld remain disk systems. Thc quantity <1nd glob<1I ni'lt.mc 

of the predicted mass-loss, while not completely disntpting the ga.laxy due to the 

dark maL.Ler halo, seems likely Lo disrupL a.n.Y disk, leaving a. chaotic dwarf behind. 

The lack of dwarf spirals, a.s well a.s the high anisotropy of dEs supports this. The 

disk galaxics in Pierce's (1991) sample c011ld h<1vc: undc:rgonc at best <1 very mild 

form of mass loss in the lkkcl f.z Silk scenario, morc dramatic dfrds w011ld only 

be observable in less massive, "tnie" ch.va.rfs, where the escape velocity is sufficiently 

low Lo allow subsL.a.nLial masf:l loss. 

AL chis point a "criLica.l mas f:l " of accurate CCD data. (a.long with the III data.) for 

Gaussian profiled dwarfs has accumulated from various authors, notably SL.a.veley-

Srnith d al. (1992) and those; cited by Lo ct al. (19!n) for their c:xtrcnw sample 

of VLA chva.rfs, as vvell as the observations presented here. These observations, in 

conjunction with those of dEs, as well as the observations of outfimvs in sta.rbmsting 

dwarfs (Meurer d al. 1992; lVIarlowe el al. 1994; Papaderof:l tl al. 1994), finally 

bring <1 qu<1ntity of c:vidcnce to support lkkcl f.z Silk's original s11ggcstion th<1t thc 

formation of both d~~ and di ga.laxics could be understood in terms of supernovae 
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driven ma.ss-loss in a dominant dark halo. 

4.9 Mass to Light Dependence in Massive Galax-

ies: Implications for Spirals from the Tully-

Fisher Relation 

\Ve novv put Ol_l[ results for low-luminosity systems in the context of more luminmts 

systems. \Ve examine the Af / L versus L dependence iu massive galaxies, in light of 

the sirni larity of om F'igmc: 86 to F'igmc: I (for d lipticals) of ~'ergnson & Hinggdi 

(199·1), not only at the: dwarf end, h11t also in the rc:girnc: of normal spirals and 

elliptica.ls. It appears from both of these figl_l[es that the Ai/ L depends on Lin the 

same way over the same range, which suggests a. similarity in the formative processes 

for ellipticals and spirals, as well as dEs and ells (as discussed above). 

The relation bet ween the central velociL.Y dispersion ( o-0 ), the elTedi ve surface 

brightness (/1.:), and dfoctive radi1rn (r1.:) for elliptical galaxies, is wdl described by 

the sea.ling la>v vd1ich restricts ellipticals to the Fundamenta.l Plane of this pa.rameter 

space (Dressler et al. 1987; Djorgovski & Davis 1987): 

(1.21) 

where / l ""' 1.4 and I3 ""' -0.9 (Kormend.Y & Djorgovski 1989; Beucler, Burstein, 

K~ Faber 1992). I hc:ss ler ct al. show that in mnj 11 n ct.ion vvit h the vi rial t hc:orc:rn, 

the above: scaling rdation irnplic:s a re: lat.ion approxirnatdy of the: forrn AI/ I .. ex 

L':u (Ferg1_1son & Binggeli 1994). They also note that nrnch of this dependence 

on hnninosil.,y is due Lo Lhe bolometric correction, since the brighter ellipticals a.re 
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systematically redder, clue to metallicity effects (Faber & Jackson 1976; Smith & 

Tinf:lley 1976)). (For discusf:liom on the de via Lion of Lhe dEf:l from Lhe Fundamental 

Plane, see \VirLh & Gallagher 1984; Konnendy 1985, 1987; ~ieLo tl al. 1990) 

II the Af / L for spirals was also La.ken Lo be proportional Lo L 0
·
2

, due Lo rnetallicity 

dfects (Hotl111n d al. 1981), or for sonic other reason, then (frorn eqmi.tion 1.8) the 

slope of the T1_1lly-Fisher Relation is expected to be 7.14 ra.ther than 10. This 

assumes tha.t L ex R2 , which is a.t least a reasonable ass1_unption (see Fig;l_l[e 9;~ in . . 
chapter 5). The fact that this slope comes out so dose to the observed slope for the 

H-hand relation (7.18; Pierce.\.,~ Tully 1992) si1ggests a connedion. The slightly 

steeper slope f01md in the redder relations apprnrs mnsistent \'Vith this idea ( F'igme 

90(b)). It seems likely tha.t the dependence of JI/ L on L seen for spirals in B is 

due Lo Lhe e1Teds of meLa.lliciL.y, wiLh some increased scatLer due Lo the large and 

uncerLa.in correction for inLerna.l extinction. 

4.10 A Distance Indicator for Dwarfs? 

The irndnlness of the modified TF' (!VtTF') relation as a distance indic:ator for rhvarf 

galaxies is disrnssed in this section. We have seen that a vvavekngth independent 

relationship behveen mass (calculated from the HI linewidth) and luminosity exists 

for clwa.rf galaxies with C aussia.n HI profiles (Figures 87 and 90a), a.ncl that this is 

well fie Led b.Y Lhe Dekel-Silk model ( Af / L 1x L -o.:J7
). 

This relatiouship exists despite the uncerLa.in photometry (from various sources) 

for the Lo ct at. (19!n) sarnple of extremely faint rhvarfa. The uncertainty in the 

actual distance for rnany of the rhvarfa has also inc:reased the scatter along the log/,. 
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axis. Hmvever, the steep slope of the relation means that the dispersion from the fit 

will be small even for large changes (errors) in log L. 

The sLa.nda.rd deviation of the residua.ls to the fit a.long the log L axis in figure 87 

is 0.94 mag, compared with 0.57 mag for Lhe "good'' DII gala.x.Y fit shown in figure 89 

and 0.8:1 rnag for the cnt.ire DH sample (~'igmc 88). While the \il 'JT rclat.ion sccrns 

to be a. less a.ccura.te distance indicator for chvarfs than the Tully-Fisher relation is 

for la.rger gala.xies, it \vo1_ild appea.r that it could prove to be useful. 

In order to reali.ze Lhe full poLentia.l of chis relation accurate distances need to 

be establif:lhed for local calibrator d wa.ris. Ileca.use of the unknown star formation 

histories and lac:k of other standard candles in thcsc dwarfs, this is a diffirnlt task 

(sec §:i.2 for a discussion and rdercnc:cs regarding the distancc to GH8). Another 

approach \vo1_ild be to obta.in a.ccura.te photometry for a la.rge munber of chva.rfs in the 

Virgo duster and establish an accurate slope for Lhe relation. An accurate disLa.nce 

for the Virgo Cluster from other mea.m, such a.s Cepheid variables (Pierce tl al. 

199·1) vvo11ld also allow the 7.eropoint to be fixcd. Dwarfs that. a,rc faint. enough to 

fix the low end of the relation would be difficult to discover optically over an area 

as large as that subtended by the Virgo chister (Sa.ndage & Binggeli 1984); so a 

systematic deep III survey would be necesf:lar.y, wiLh deep followup CCD photometry 

(for a. discussion of the detection of dwarfs in III, systemaLica.lly or serendipitously, 

sec Hoffman, Hclou & Salpdcr 1988; Hriggs 1990; \Vein berg d at. 1991: and Taylor, 

Brinks, & Skillman HJSJ:)). 

At this stage, the ~vITF rela.tion is most 1_1seful as a. confirma.tion of a theoretica.l 

model for galaxy formation, and further work should emphasize determining the 

slope of the relation. In addition, Lhe lVITF relation can also be lrned to check the 
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distances of dwarfs determined by other methods, b1_1t the accl_l[acy of this method as 

a dif::ltance esLimaLor is limited by Lhe uncertainty of the calibration. One poLentia.lly 

useful sample of dwarfs with independently determined dif::ltances are those o b ::;erved 

by Tikhonov & l\arachc;ntscv (199:~) ;rnd l\ci.rachc;ntscv f.z Tikhonov (1991) for whic:h 

photometric dista.nces have been determined from the mean apparent magnitude of 

the :~ brightest sta.rs in the ga.laxy. 

If the l\ITF should prove to be a. rflia.blf distance indicator for dwarfs, the nu-

merous III observatiom of dwarfs (Fisher & Tully 1981; Schneider el al. 1990; 1992) 

c011ld, in conjunction with follovrnp CCI) observations, be; 11scd to to c;xarninc bulk 

f1mv motions (e.g., Lyndc;n 1-kll ct al. 1988). In addition, dvvarfs with accmak pc-

culia.r velocities can be used as test particles to probe the da.rk matter content of 

groupii and dustern of galaxies (ZariLf::lky & \Vhite 1994.) 
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Chapter 5 

Global Properties and 

Comparative Structure of Dwarfs 

In this cha.pter, we compa.re the va.nous g;loba1 qua.ntities and derived struchtral 

para.meters for Lhe galaxies in our sample. By comparing Lhe local.ion of our sample 

in these various p;narnder spar,es with the loc<ltion of other types of gnfaxies, -vve 

g<l111 some insight into the relationship between these types. 

5.1 Surface Brightness 

In Figure 9;~(a), the rela.tionship between the virial radius (Rvir) a.ncl the luminosity 

is plotted for a.11 the galaxies from this sample a.ncl the sources in the literature cited 

in §4.6. The solid line represents a. relation of constant surface brighLuesf:i . The daLa 

show a great deal of sr,<J.tter, but do follow the relation. In Figme g;~(b); only the 



178 

11 

0 0 

0 

10 (a) 0 (b) • 0 
El • • 

r1io 0 0 0 i:io 
0 0 

() 
"' 0 

0 
0 0 

~9 "'~~~ 
• <l 

... o 0 ~o ... 
......:! [OJ ... <i'1 .. 
'---' 0 .,;. "i:i Oo 

0 .. 
C'.l £' ~ • 

......:! 8 [!] [3 &<;> 
6 .. A .. 

QO 
® A ~B 

0 6 A ~ ... ....., 
"' ... 

7 & A. .. "' .. 
A -" 

6 -" 

-1 0 1 0 1 2 
log Rvir (kpc) log Rvir (kpc) 

Figure !):): Radius/Luminosity Relation. In (a) the rela.tion is shovm for all of the 
g;ala.xy samples discussed in 34.G. A relation pa.rallel to the solid line is one of 
constant surface brightness. Symbols are the same as in Figure 86. In (b) just the 
Pierce & Tully (1992) and the galaxies from Lhis sample a.re plotted. The galaxies 
in our D II sample have Lhe same surface brightness as the Pierce & Tully galaxies~ 
while in general Lhe Gaussian dwarfs have a lower surface brightness . lVilhin ea.ch 
sample Lhe assumption of consLanL surface brightness appears reasonable. 
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gala.xies from this sample and from the Pierce & T1_1lly (1992) sample of "normaF 

spirals are plotted. Here iL is obviorn:i thaL most of Lhe dwarfs follow their own 

relationship of roughl.Y constant surface brightness ( < 11. >mo.i:rv 22.0 mag arcsec- 2
), 

slightly f<linkr than the; spirals(< 11 >m"/" 21.0 rnag <lrc:sc:c:-2
) (sc;c: Figure 91). 

Interestingly, the: five; Ga11ssi<1ns whic:h <1ppear to lie c:losc; to the: rdation for nor-

mal spira.ls (TCC :11, UCC G:t l~CC 1171, l~CC :t212, and l~CC 7G84), appear to 

have fairly smooth surface brightness profiles. They do not appea.r to be undergoing 

a widespread burst of star formal.ion, which would be expected Lo ca.use a corre-

sponding increase: in the; siirfacc: brightnc;ss. Any star formation sc;c:ms confined to 

in or near the nnclc;ns. 

The: aver<lgc: surface brightnc;ss, c<llcnlakd from c:qn<ltions (-1.19) and (1.20) is 

plotted in Figure 94. The hvo extreme points to the lower left are l\falin 1-ty pe 

objects from McGa.ugh (1992). These are giant disk galaxies with extremely low 

surface brightness. The dwarf galaxies have a slighl.l.Y fainter peak surface brightness 

in this diagram. Hmvc;ver thc;y do sc;c:m to overlap vvith both the spira,l and LSH 

distributions. 

The surface brightness of the sky (t-LB rv 22.7 mag a.rcsec 2
) is indicated by the 

dashed line in Fig me Sl4. It ha.s long been rea.lized (cf., Disney HJ7G) that the 

surface brightness of the uighL sky seriously restricts our knowledge of the Lrue galaxy 

l11rninosity fondion. Irwin rt al. (1990) find no dc;crc;<lse in the; nnrnhc;r density of 

LSHs at lmvc;r surfa.c:c; brightnc;ss kvds (l'H "' 27.:1 n1<1g arcsc;c-2 ) using the: APIVI 

machine to perform a.n automa.ted search of deep pla.tes covering a la.rge a.rea of the 

sky. Bothun, Impey, & l\falin (1991) a.lso find evidence for an increase in the slope of 

Lhe luminosity Iuucl.ion at Lhe faint end. McGa.ugh (1994) posLulaLes that there could 
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~'igm<e 91: A veri'lge Smf ace Hri ghtn <ess versus A bsoh1k IV! agnitmk. Symbols ar<e 
the sarn<e as ~'igm<e 86. The dash<ed line indic:aks th<e sky brightness in H i'lt l\.itt 
Prnk. Th<e i'lwrag<e snrfoc:<e brightness is rnrnp11kd i'IR in §1.7. The Gmrnsian i'ind DH 
sample exhibit i'I similar ri'lnge in siirface brightn<ess, ·with a, slightly lmv<er rnaxim11111 
va.lue observed for chva.rfs. This is consistent vvith the idea. of mass-loss in dwarfs (as 
in the Dekel & Silk model or any other stripping scena.rio). The two LSB galaxies 
at the extreme left are 1falin 1-type giant disk g;ala.xies. Phoenix is a.t the extreme 
lower right; it was only discovered beca1_1se of its proximity and hence the ability 
to detect individual sta.rs. 
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be enough LSB "crouching; giants'' to account for a local population corresponding; to 

the faint blue galaxies at intennediate redshift (T.yson 1988; Broadhurst tl al. 1988). 

Obviously, we cannot determine this popula,tion through optical surveys. However, 

evidc;nce from HI s1irveys, as ·wd I as sbt.istic:s from "blind'' offsds, do not sc;em to 

support the existence of a la.rg;e population of local LSB disk g;ala.xies (cf., Briggs 

1990) 

A similar clistrib1_ition can be seen in the centra.l surface brightness (fl~) versus 

absolute magnitude dia.gram (Figure 9.5), adopted from Konnendy (1987) and Fergu-

son & Hinggdi (1991 ). This diagram is ofkn 1rnc;d to demonstrak the three distinct. 

classc;s of stellar syskrns. To the; 11pper ldt lie the ellipticals (fillc;d cirdes) a.nd the; 

b1_ilges of s pira.ls (crosses), making a tight rela.tionshi p which ma.rks the intersection 

of the Fundamental Plane (see s4.9) with this parameter space. The l\'132-like com-

pact ellipticals also fall on this continuum. Globular dusters populate a distinct 

sect.ion of the diagram. 

Spiral disks (pins signs; from ~·rc;eman 1970: Horoson 1981: and Hot.hnn ct al. 

1985) form a compara.tively tight group nea.r .:.U'Ji ,..._, -20 and µ.(~ ,...., 21. This is 

partly an observa.tiona.l selection effect clue to the surface brightness of the sky, 

indicated by the dai:ihed line; the more recently discovered LSD galaxies including 

J-falin 1 (Sprayberry tl al. 1993), can be seen as part of a continuum extending down 

from the spirals. The chvarf Irregular and the Local Group (hvarf Spheroidal (dSph) 

g;ala.xies appear to fall along an overlapping; relation \vhich bends over and extends 

to extremely faint a.bsolute mag;nihtdes. 

There is the potentia.l for much confusion in the literature behveen the terms 

dwarf Spheroidal, dwarf Elliptical and compact Ellipticals. Binggeli (1994) and 
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figure 95: Central Surface Brightness versuf::l Absolute J-fagnitude. Adapted from 
figures in Kormend.Y (1987) and Binggeli (1994). The iuternecLion of Lhe I'unda-
menLa.l Plane for ellipticals ( •) aud bulges ( x) is at the upper leIL. A separate area 
of the: pl<lnc: is popnlakd by globular d1rnkrs. Spir<lls (+; and the]) H s<lmplc:~ fi lkd 
sqn<lres) <lnd LSHs (from !V1cGa11gh, l<lrge <>; and from Homanishin rt at. sm<lll <>) 
form a, mntimrnm ext.ending dmvn t.o !Vial in 1. Dwarf gn.l<lxies, both d I (including 
the Ga1rnsia,n s;::i.rnpk; fillc:d tri<lnglc:s; <lnd the: !V1cGa11gh Ga11ssi<ln dvvarf, inverted 
triangle:) a,nd dSph (•)form <ln exknsion of this rdationship to faint magnit11dc:s 
and low surface brightness. ::\ ote that the relation bends dovm; there is an 1_1pper 
envelope for the smface brightness of dwarfs which is less than that observed in 
spirals. Also, some dSphs have a brighter smface brightness than the dis at a given 
magnihtde; this appears to rule out simple models of stripping (see text). The 
lower envelope to the spiral a.nd dwarf seq1_ience is a. selection effect; it is difficult 
Lo find galaxies wiLh surface brightuesf::l es so far below Lhe sk.Y f::l urface brightnef::ls 
( daf::l hed line). 



others refer to the faintest spheroidal systems as dEs or dSphs, \vhile the compa.ct 

elliptical systenrn such as l\'1:32 a.re merely ellipticals (or compact ellipticals). Other 

authors (e.g., Kormendy 198.5) make a. dearer disLincLion bet ween Lhe ellipticals aud 

the tnw dwarf syskms, whic:h they refor to ;:is dwarf spheroidals. The: krm dvvarf 

elliptica.L if used at all, refers to M:n-type elliptica.ls (Kormendy & Bender HJSJ4). 

The Binggeli ( 1994) terminology is rooted in the morphologica.l similarity between 

the chvarf and norma.l early-type systems, as \Vell as the prelimina.ry conchision 

Lha.L they formed a. couLinuous surface brighLues::; sequence (based ou phoLogra.phic 

photomdry with poor dyn;:imic range:~ Hinggc:li, Sandage, K~ Tarc:nghi 198·1 ). It 

was the: s11bsc:q11c:nt vmrk of Kormc:ndy (198.5) vvhich first shmvc:d th;:it these: hvo 

classes were distinct. It would seem to be best to not use the term chvarf elliptical 

aL a.IL and sLick with the dearer divisious of ellipticals (aud compacL ellipLica.ls if 

some disLincLion needs Lo be made for the l\.'132-type s.ysLems), and dwarf spheroidal. 

This krminology makes the: division in the ohsc:rv;:ition;:il properties of these: syskrns 

clc:arc:r; dwarf sphc:roidals ;:ire no rnore "c:lliptic:al" than gloh11l;:ir clnskrs ;:ire. Thc:ir 

origin is more closely tied to dwa.rf irregular gala.xies than giant ellipticals, and the 

morphological similariL.Y should uot be mistaken for a.n.Y more than thaL. 

In Lhis section, Lheu, we refer to Lhe fainL and difime ea.rly-L,ype galaxies a.s dSphs. 

Although uei ther the di nor dSph gala.xi es a.re apparently composed of a.n acLua.l 

disk, thc:y arc: nonthdess well fit by an c:xponc:nti;:il profile (sec: §]). The: proximity 

of the: chv;:irf sc:qnc:nc:c:s in Figure 9."i h;:is lead sonw ;:int.hors to propose: th;:it stripping 

of faint spirals and dis will give rise to dSphs (Kormendy 1987). Hovwver, the fact 

that some of the brighter dSphs ha.ve a centra.l surface brightness which is brighter 

Lha.n Lha.L for similar dis (e.g. Ilothuu tl al. 1986), in ad di Lion Lo oLher problems 
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figure 96: Disk Sea.le Length versus Absolute J-fagnitude. Symbols a.re a.i:i in figure 
95. There exisLs a Light relationship bet ween dii:ik i:icale length and magnitude. This 
is similar Lo the relation seen in Figure 9:3. Note Lhat Lhe ma.i:isi ve LSB gala.x.y J-falin 
1 at Lhe extreme upper left deviates markedly from Lhii:i rela.Liomhip 



including differences in the infrared colors (e.g . .J a.mes, HJSll '), present diffinilties for 

Lhe stripping model. 

The luminosiL.y/surface brightness relation implies thaL there is a common pre-

ferred scale length for dls and dSµlrn. This implies a common formal.ion scenario for 

these: two cl;:issr;s of g;:ilaxic:s. A mrnrnon formation scenario also is irnplicd by the; 

fact that the Dekel-Silk relation (34.8) holds for both clS ph and ell gala.xies. 

Figure 9G shmvs the sea.le length versus magnitude for the dwarf and spira.l sam-

ples. Again, we see a, rather LighL relation for Lhe entire sequence, excluding Lhe 

J-falin 1-Lype galaxies al. Lhe extreme upper lefL. These gianL dii:ik galaxies have a 

larger sc:alc kngth for a, given h1rninosity than do the: norrn;:il spir;:ils. 
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Conclusions 

\Ve have presented CCD surface photometry for .)1 dwarf a.ncl LSB ga.laxies in B 

and I. The magnitudes obtained a.re Uf:led in conjunction with exif:lting III data to 

investigak the 'J'11lly Fisher relation in the: rc:ginw of narrow linewidth. The: dwarfs 

do not follmv the origini'il Tully ~'is her relation beci'luse the: HI linewidth <'Irises from 

turbulent as well as rotational motion. If the intrinsic axial ratio of the galaxy is 

1_1secl to determine the degree of anisotropy in the galaxy, a modified linevviclth can 

be determined, which is a.n indicator of the total masf:l. 

The dwarfs are found to follow a mas f:l /hnninosit.Y relation which is quite distinct 

from that of normal spirals. While norrni'il spiri'ils have vah1es of Al/ Ii which increase: 

slightly vvit.h /.. (whic:h resi1lt.s in a,n observed slope: for the 'J'11lly Fisher rdaJion ("" 7) 

that is slightly less than 10, which is predicted for a constant Af /LL the dwarfs 

display a. definite trend of increasing Af / L as L decrtases. 

The exact form of the relation w;,is found to be well fit b.Y the model of Dekel 

& Silk (1986): 111/L :x. L-o.:n. The Dekel-Silk relation arises in low mass systems 

with massive dark ha,los whic:h imdergo exknsive rni'lss loss d11e to supernova driven 

winds. The dark halo allows the ga.laxy to remain bound even as most (or all) of the 

gas is removed, clrastica.lly reducing the rate of star formation. The trend tmvards 

higher JJ / L a.t lower L is the result of the lower esrnpe velocity of the less massive 

syskrns, allowing the gas to be rernovc:d more dfic:iently. The lkkc:l Silk rr:li'it.ion 

i'ilso <lppears to be: present. in the dvvi'lrf Splwroidal systems, indici'lt.ing a, mmmon 

evolutionary history for these chvarfs, distinct from normal elliptica.ls and spirals. 

The similar centra.l surface brightness of ells and clSphs support this conclu-

sion. Ilowever, a simple evolutionar.Y sequence dSµh :::} dI through environmentally-
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induced stripping seems to be ntled out by the infrared colors. Rather, the Dekel-Silk 

model of masf:i losf:i if:i en visioned as a. process which occurs during the fonna.tion of 

the galaxy, upon the death of the very firnt st.a.rs formed. 

Deep CCD imaging of galaxies a.L the ex Lrerne low-lumiuosi ty end (with iudepeu-

dc:nt disbnccs) is nc:cckd to s11pplcrncnt the: dctailc:d HI observations ·which ;:ilrc:ady 

exist; in order to constrain the slope of the modified Tully-Fisher relation for dvrnrfs. 

This co1_ild then provide a usehtl distance indicator for gas-rich dvrnrfs; which would 

enable them Lo be lrned as tef:i t particles to examine bulk Jlow f:i a. ::; well as peculiar 

vdocitic:s within clusters. 
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