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OBSER V A TIONS of galaxies to v ery fain t magnitudes ha v e rev ealed a p opu-

lation of blue galaxies at in termediate redshift

1 � 5

. These galaxies represen t a

signi�can t excess o v er the exp ectation of standard cosmological mo dels for rea-

sonable amoun ts of ev olution of the lo cally observ ed galaxy p opulation. Ho w-

ev er, the surv eys whic h de�ne the lo cal galaxy p opulation are strongly biased

against ob jects of lo w surface brigh tness

6 � 9

. Lo w surface brigh tness galaxies

ha v e prop erties v ery similar to those of the excess blue p opulation

10 ; 11

, and re-

cen t w ork suggests that they are comparable in abundance to the more readily

detected normal galaxies

9 ; 12

. I sho w that the v ery deep surv eys whic h rev eal

the excess p opulation can easily detect lo w surface brigh tness galaxies to large

redshifts, but that lo cal surv eys will miss them b ecause they are not compa-

rably sensitiv e. This suggests that the excess fain t galaxies ar e lo w surface

brigh tness galaxies. No alteration of standard cosmology is required, but it is

necessary to reconsider the w a y in whic h the galaxy distribution function is

sp eci�ed.

Great in terest has b een generated b y the discrepancy b et w een the n um b er coun ts of

galaxies in the B and I bands

1 � 5

with standard cosmological mo dels (0 < q

0

� 0 : 5, little

or no galaxy ev olution for z < 0 : 5). Suc h mo dels are consisten t with the coun ts in the

K band

13 ; 14

and the observ ed redshift distribution

14 � 16

. The problem is a substan tial

excess o v er mo del exp ectations in the n um b er of galaxies with v ery blue sp ectral energy

distributions.

Prop osed solutions in v olv e altering either cosmology or the galaxy p opulation. The

former c hanges the geometry of the univ erse

4 ; 17

in order to reconcile the high coun ts with

the lo w redshifts, while the latter supp oses strong ev olution in the n um b ers of galaxies

4 ; 14

,
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selectiv e ev olution in their luminosit y

15 ; 18

, or an en tirely new p opulation

19

. The most com-

mon alteration of cosmology in v ok es a �nite cosmological constan t

17

, but this ma y already

b e in con
ict with limits imp osed b y the statistics of gra vitational lenses

20

. Ev olution in

the n um b ers of galaxies pro vides a go o d description of the observ ations

4 ; 14 ; 21

, but the high

inferred rate of mergers at z � 0 : 1 is di�cult to reconcile with the lo w curren t merger rate

and limits on the mass accreted b y spiral disks

22

. It also violates the observ ation that

the fain t blue galaxies are in relativ ely isolated en vironmen ts

19 ; 23

rather than the dense

regions where merging can o ccur. Luminosit y ev olution m ust b e selectiv e

15

in order to

matc h the apparen t ev olution in n um b er densit y . In this h yp othesis, most galaxy t yp es

ev olv e mildly , but the dw arf galaxies whic h are common and fain t at the presen t ep o c h

ev olv e strongly

15 ; 18

so that there is a high densit y of brigh t ob jects at the appropriate

redshift. The required amoun t of ev olution is extreme, and is not observ ed to actually

o ccur

24

. None of these explanations app ear satisfactory , suggesting that the excess p opu-

lation of blue galaxies observ ed at mo derate redshift ma y ha v e a lo cal coun terpart whic h

has remained uniden ti�ed.

There do es exist lo cally a p opulation of galaxies with ph ysical prop erties similar to

those of the fain t blue galaxy p opulation: lo w surface brigh tness disk galaxies. These

are galaxies with cen tral surface brigh tnesses w ell b elo w what is considered

25

`normal' for

spirals ( �

B

0

>

�

23 mag arcsec

� 2

rather than �

B

0

� 21 : 6 mag arcsec

� 2

). They ha v e colors

and luminosities

11 ; 26

comparable to those of the excess p opulation (Fig. 1), so in v oking

extreme forms of ev olution is not necessary . Indeed, the star formation history inferred for

lo w surface brigh tness galaxies

11

suggests that they should not c hange m uc h in color and

luminosit y for z < 0 : 4. They remain blue b ecause they form stars at a lo w, appro ximately

constan t rate, and ha v e not had time to build up a substan tial red gian t branc h since their

relativ ely recen t ep o c h of formation (v ery roughly , z � 1).

In addition, lo w surface brigh tness disks are observ ed to b e w eakly clustered

12 ; 27

, with

a correlation amplitude lo w er than normal galaxies b y ab out the same factor as the fain t

galaxy p opulation

12 ; 23

. Other observ ed prop erties of the excess fain t p opulation, suc h as

star formation

14 ; 16

and morphology

15

, though di�cult to quan tify , app ear to b e consisten t

with those of lo w surface brigh tness galaxies

10

. This corresp ondence of ph ysical prop erties

mak es it natural to iden tify the t w o p opulations with one another.

F or this iden ti�cation to b e correct, the deep surv eys whic h rev eal the excess p opula-

tion m ust b e more sensitiv e to lo w surface brigh tness galaxies than lo cal surv eys. A t �rst

this ma y seem coun terin tuitiv e, as cosmological (1 + z )

4

dimming (due to the noneuclidean
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geometry of the univ erse) will decrease initially lo w surface brigh tness ev en further. This

applies equally to all galaxies, ho w ev er.

Surv eys are usually said to b e complete to some limiting 
ux, but strictly sp eaking this

is only correct in the case of p oin t sources. Since galaxies are resolv ed, it is also necessary

to sp ecify the isophotal threshold ab o v e whic h the 
ux is measured. The p ortion of a

galaxy whic h is detected dep ends on the luminosit y pro�le of that galaxy . The t yp es of

galaxies of in terest here can b e describ ed as exp onen tial disks with pro�les of the form

� ( r ) = �

0

+ 1 : 086

r

l

:

The t w o parameters �

0

and l (cen tral surface brigh tness and exp onen tial scale length)

c haracterize the surface brigh tness distribution of the disk of a galaxy and allo w us to

determine the ratio of observ ed 
ux ( F

obs

) to total 
ux ( F

tot

) whic h is actually measured

b y a surv ey . This ratio is

F

obs

=F

tot

= 1 � (1 + n ) e

� n

where n is the n um b er of scale lengths l observ ed ab o v e the isophotal limit. This con v enien t

analytical appro ximation, whic h will sligh tly underestimate the observ ed fraction of ligh t

from spirals with bulges, is nev ertheless an imp ortan t impro v emen t o v er treating galaxies

as p oin t sources.

The isophotal ap erture, in scale lengths n , of a surv ey conducted to a limiting surface

brigh tness �

l

is giv en b y

n =

�

l

� �

0

� 10 l og (1 + z ) � k ( z )

1 : 086

:

The terms in v olving z accoun t for (1 + z )

4

surface brigh tness dimming and the redshifting of

the sp ectral energy distribution (the k -correction

28

). The k -corrections dep end on galaxy

t yp e as w ell as redshift, but are negligibly small for the blue galaxies of in terest here.

The great sensitivit y of the deep surv eys more than o v ercomes (1 + z )

4

dimming and

lo w surface brigh tness galaxies can b e seen to high redshifts b ecause essen tially all the


ux is detected (Fig. 2). F or the t ypical observ ed redshift ( z � 0 : 4), F

obs

=F

tot

> 0 : 8

for �

B

0

< 24 mag arcsec

� 2

, and ev en mo dest sized galaxies exceed the 
ux limit. Th us,

detecting lo w surface brigh tness galaxies at in termediate redshift is not a problem.

It is rather more of a problem lo cally . Normal spirals

25

can b e detected to distances �

3 times as great as lo w surface brigh tness disks of the same size, and hence sample a v olume

� 27 times larger. This causes the n um b ers of lo w surface brigh tness galaxies to b e seriously
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underestimated. Ev en when selected, isophotal measures systematically underestimate the


ux of lo w surface brigh tness systems. This e�ect is sev ere; for �

B

0

= 23 mag arcsec

� 2

,

F

obs

=F

tot

� 0 : 45, whic h drops to F

obs

=F

tot

� 0 : 12 for �

B

0

= 24 mag arcsec

� 2

. This causes

systematic errors in the deriv ed luminosit y function and n um b er coun ts in the observ ed

sense

30 ; 31

| the luminosit y function will b e to o 
at, and the n um b er coun ts to o steep.

The steep slop e of the n um b er coun ts at relativ ely brigh t magnitudes

31

is incompatible

with an y reasonable amoun t of galaxy ev olution for the short time since z � 0 : 1, but is

exp ected from the use of isophotal magnitudes when the distribution of galaxy surface

brigh tnesses is not a delta function.

The extended nature of galaxies means that it is necessary to consider the biv ari-

ate distribution of luminosit y and surface brigh tness rather than the luminosit y function

alone. The biv ariate distribution is not w ell quan ti�ed in the �eld

32

, but in clusters the

surface brigh tness distribution is observ ed to b e 
at

33 ; 34

rather than sharply p eak ed

25

. T o

illustrate the e�ects on the luminosit y function deriv ed b y v arious surv eys, the expression

for F

obs

=F

tot

can b e com bined with assumed forms of the biv ariate distribution (Fig. 3).

The luminosit y function is usually tak en to b e of the form

35

� ( L ) = �

�

�

L

L

�

�

�

e

� L=L

�

where �

�

describ es the densit y of galaxies, L

�

is a c haracteristic luminosit y brigh ter than

whic h galaxies are rare ( L

�

B

� 10

10

h

� 2

L

�

), and � is the asymptotic slop e of the fain t

end. These parameters can b e seriously mistak en b y standard pro cedures whic h implicitly

assume that F

obs

=F

tot

is a constan t. In particular, lo cal surv eys are prone to underes-

timating the n um b ers of ob jects with L <

1

2

L

�

where the discrepancy with fain t coun ts

o ccurs.

Sp eci�cally , it is p ossible to �nd biv ariate distributions whic h repro duce the lo cally

determined luminosit y function and predict an apparen t excess in the n um b ers of ob jects

seen in deep surv eys. Indeed, the problem is degenerate, as there are man y forms of the

biv ariate distribution whic h can repro duce the observ ations. If, as seems lik ely , the true

biv ariate distribution is in termediate b et w een the extreme cases illustrated in Fig. 3, so

that there is an a v erage trend of luminosit y with surface brigh tness with broad scatter,

then b oth the densit y of galaxies �

�

and the slop e j � j (whic h describ es the frequency of

fain t galaxies) will b e underestimated lo cally . This ma y b e su�cien t to explain the en tire

discrepancy in the fain t galaxy n um b er coun ts.

Iden ti�cation of the fain t galaxy excess with lo w surface brigh tness galaxies is actually

a conserv ativ e h yp othesis, as no drastic alterations to cosmology or radical forms of galaxy
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ev olution are required. Large n um b ers of lo w surface brigh tness galaxies are already indi-

cated lo cally b y their high surface n um b er densit y

9

and the simple mo del whic h matc hes

their spatial distribution

12

. Since isophotal measures are inadequate when a distribution of

surface brigh tnesses is presen t, it is necessary to op erate from the premise of measuring the

biv ariate distribution of galaxies rather than leaping directly to the luminosit y function.

While galaxy ev olution inevitably o ccurs, it will b e imp ossible to measure from n um-

b er coun ts, m uc h less deriv e cosmological parameters, un til the biv ariate distribution is

quan ti�ed. Indeed, correcting for redshift e�ects requires detailed kno wledge of the sp ectral

energy distribution ( SED ), so in terpreting data on galaxies at signi�can t redshift requires

kno wledge of the triv ariate distribution function 	( L; �

0

; S E D ). If lo w surface brigh tness

galaxies main tain their blue colors in to the ultra violet, they ma y actually b e the most

prominen t ob jects at z � 0 : 4.

Galaxy distributions of the sort suggested here can alleviate man y outstanding prob-

lems in extragalactic astronom y whic h, lik e the fain t blue galaxies, require more ob jects

than pro vided b y the apparen t lo cal luminosit y function. Examples include the large n um-

b er of Ly � absorption systems along the line of sigh t to QSOs, the bary onic mass missing

relativ e to the otherwise successful predictions of primordial n ucleosyn thesis theory , and

the high measured v alue of the extragalactic bac kground radiation. Theories of cosmic

structure formation should predict the biv ariate distribution, p erhaps remo ving the need

for ad ho c mec hanisms to 
atten the predicted luminosit y function to matc h lo cal obser-

v ations. More fundamen tally , w e need to ask what is mean t b y frequen tly used qualitativ e

terms lik e `normal' galaxies. By this, do w e mean a t yp e of galaxy whic h is common (lik e

fain t main sequence stars), or one whic h merely happ ens to b e optically prominen t (lik e

red gian ts)?
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FIGURE CAPTIONS

FIG. 1 The V � I color vs. B luminosit y for a sample of fain t

15

(op en circles) and lo w surface

brigh tness

11

(�lled squares) galaxies. The fain t galaxy sample sho ws the exp ected

n um b er of red galaxies, but an excess in the n um b er of galaxies with blue colours

( V � I � 1). The fain t galaxy data ha v e b een shifted to the rest frame follo wing

ref. 15 and assuming H

0

= 100 km s

� 1

Mp c

� 1

. The excess fain t blue galaxies o ccup y

the same region of this diagram as do lo w surface brigh tness galaxies.

FIG. 2 The fraction of the total 
ux ( F

tot

) observ ed ( F

obs

) within isophotal ap ertures as a

function of redshift for galaxies with exp onen tial pro�les. The sp eci�c case of the

selection c haracteristics of the deep surv ey of ref. 4 is sho wn in the upp er righ t; that

for a large area lo cal surv ey

28 ; 29

whic h is commonly tak en to de�ne the luminosit y

function

30

o ccupies the left part of the diagram. Dash-dotted lines of constan t rest

frame cen tral surface brigh tness (in half magnitude steps lab eled b y �

B

0

) decline b e-

cause of cosmological (1 + z )

4

dimming. Solid lines delimit the distance to whic h

galaxies of di�eren t sizes can b e seen for the 
ux limits of the t w o surv eys, including

the e�ect of 
ux lost outside the ap erture ( F

obs

=F

tot

< 1). The solid lines are lab eled

b y the size c haracteristic l , the exp onen tial scale length.

The t w o surv eys ha v e v ery di�eren t selection c haracteristics. The deep surv ey detects

nearly all of the 
ux of lo w surface brigh tness galaxies ev en at large redshifts, while

the lo cal surv ey detects only a fraction of their total 
ux. This causes lo w surface

brigh tness galaxies to b e missed lo cally; observing a p opulation comparable to that

detected b y deep surv eys w ould require a lo cal surv ey with an isophotal limit more

sensitiv e b y � 2 : 5 magnitudes.

FIG. 3 The luminosit y function deriv ed from t w o forms of the biv ariate galaxy distribution.

a : a biv ariate distribution in whic h luminosit y and surface brigh tness are tigh tly

correlated. b : no correlation b et w een luminosit y and surface brigh tness (see insets).

These opp osite forms of the biv ariate distribution (the true form of whic h is not w ell

kno wn) illustrate the hazards p osed b y isophotal measures and surface brigh tness

selection e�ects.

In ( a ), surface brigh tness falls o� linearly with luminosit y b elo w L

�

(solid line in

inset). This is not a realistic biv ariate distribution, but neither is one in whic h the

surface brigh tness distribution is a delta function (the dashed-triple dotted line in the

inset, implicit in most determinations of the luminosit y function whic h assume that

F

obs

=F

tot

is a constan t). F or an in trinsic luminosit y function with a slop e � = � 1 : 5
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(the hea vy solid line in the main �gure), the dashed line will b e observ ed b y the deep

surv ey of ref. 4 while the thin solid line will b e observ ed b y the lo cal surv ey of ref. 30.

These ha v e b een shifted in normalisation to agree with the observ ations at the brigh t

end: the dotted line is the luminosit y function actually deriv ed in ref. 30 for disk

t yp e galaxies. The thin solid line pro vides as go o d a description of the observ ations

as the dotted line, despite represen ting a v ery di�eren t in trinsic distribution. This

o ccurs b ecause the luminosities of lo w surface brigh tness galaxies are systematically

underestimated, leading to an underestimate of the slop e j � j and a translation in L

�

and �

�

. The e�ect is more sev ere in the case of the lo cal surv ey , causing an apparen t

excess in the n um b ers of galaxies observ ed b y the deep surv ey (the di�erence b et w een

the dashed and thin solid line) ev en though b oth are dra wn from the same in trinsic

distribution.

In ( b ), galaxies �ll the luminosit y{surface brigh tness plane b elo w a maxim um

7

surface

brigh tness without correlation (inset). This is a realistic biv ariate distribution

32 � 34

,

though not w ell quan ti�ed in the �eld. In this case, the observ ed �

�

dep ends on the

maxim um surface brigh tness of the distribution and the limiting isophote of a surv ey .

More sensitiv e surv eys will prob e further in to the surface brigh tness distribution, again

causing an apparen t excess in the n um b ers of galaxies observ ed in deep relativ e to lo cal

surv eys. There is no guaran tee that there is a lo w er limit to the surface brigh tness

distribution, hence the arro w on the in trinsic distribution. Detecting progressiv ely

fain ter, higher redshift galaxies necessarily requires ac hieving progressiv ely greater

isophotal sensitivit y , so a biv ariate distribution of this sort predicts that the apparen t

�

�

should increase with z , as observ ed

21

.
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