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Abstract. The Malmquistbiasinluminosity distances for gaust. Introduction

sian standard candles is discussed within cosmological models ] ) )

where the Euclidear?-law for volumes ana—2-law for fluxes N the treatment of the classical Malmquist (1920) bias, the
is not valid. Furthermore, the influence of K-corrections and I§Pace is assumed to be Euclidean and transparent. Furthermore,
minosity evolution are analyzed. Itis noted that the usual way &€ Standard candles (with a gaussian distribution of absolute
comparing theoretical predictions and data points in the HuUBagnitudes) do not change with lookback time nor have any K-
ble diagram log z vs. m) should be modified in view of the effect. In modern cosmological models these assumptions are
cosmological Malmquist bias. When the space distribution BPt valid, when e.g. Supernovae of type la are detected up to
galaxies is uniform, the classical Malmquist bias is constantat> 0-5 and radio galaxies and quasars well beyane- 1.

all apparent magnitudes, which is no more generally true witHf}$ the Hubble diagram is usually looked atlag > vs.m and
uniform cosmological models. the theoretical predictions are compared Wiy z) vs.m, it

Especially, calculations are made in Friedmann models f§important to study how the non-clas;ical _situation influlences
standard candles with different gaussian dispersioasound the run of the standard candle data pomts in a Hubble diagram
average absolute magnitud,. The usualog > vs.m (or Mat- and how one should compare observations and model curves.
tig) relations are deformed by amounts depending on the Fried-
mann model itself, omr, and on the apparent magnitude of thg Malmquist biases of the first and second kind
standard candle. The implications on estimationgare shown
to be significant whea > 0.3 mag. Actually, there appears in the literature two ways of looking at

It is concluded that the cosmological Malmquist bias is the Hubble diagram — both at small redshifts where one studies
necessary part of the theory of gaussian standard candles at tiighHubble constant and large scale galaxy streams, and also
redshifts. It is also emphasized that one should always considehigh redshifts where one has in mind applications on the
two complementary aspects of the Hubble diagram as a cosmalue ofgy and on evolution of galaxies. These two ways, either
logical test, i.e. théog z vs.m andm vs.log z approaches, the consideringlog z) vs.m or (m) vs.log z foragaussian standard
first one influenced by the bias here discussed, while the secaaddle, are respectively accompanied by two distortion effects,
one is plagued by the magnitude limit (Malmquist bias of thiglalmquist bias of the 1st kind and Malmquist bias of the 2nd
2nd kind). kind (see Teerikorpi 1997 where this terminology is suggestedin

For example, withr = 0.5 mag, in the case of bolometricorder to unify the rather varied practice). The 1st bias is closely
magnitudes, the traditionilg z vs.m procedure in the brighter related to the classical Malmquist bias, while the 2nd bias arises
part ((z) lessthan about 1.5) of the Hubble diagram, would makkeie to a magnitude limit cutting away parts of the fainter wing
one believe thaty = 0.25 when it actually is 0.5. Without of the luminosity function (LF) of the standard candle.
evolution, but in the presence of K-effect typical for V-band These two different biases are often called in the contem-
and E-galaxies, one would deriyg ~ 0.1 in the case ofjy = porary literature as "Malmquist bias” and "selection bias”, re-
1.0 when the K-effect is simply put into the zero-dispersiogpectively, with the understanding that the Malmquist bias is
theoretical curve. With a good standard candle hawirg 0.3, pasically caused by the geometry or space distribution of the
these results would change ¢e = 0.4 (instead of 0.5) and = standard candles, while the selection bias refers to the influence
0.5 (instead of 1.0). of observational (e.g. magnitude) limits. Concrete examples of

We also discuss the bias in angular size distance, whichhisiy these two types of biases are discussed and treated in the
shown to work in a different sense than the bias in |Umin03i§fudy of the local galaxy universe, one may find e.g. in Willick
distance, and the deviation fromthe classical biasis large alre@yo4), Freundlich et al. (1995), Gonzales & Faber (1997), and
well below the distance maximum in Friedmann models.  Theureau et al. (1997). Sandage (1995) gives a very illuminat-

ing discussion of how these biases are related to each other in
Key words: galaxies: distances and redshifts — distance scalge classical space, uniformly filled by galaxies.
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It is useful to state short definitions of these two types 4f2.log z vs.m andm vs.log z approaches

biases, analogous to Sect. 3.1 in Teerikorpi (1997), but here in - .
terms oflog z andm, directly applicable to a Hubble diagram(a:rIhe traditionallog z) vs.m approach, instead ¢fn) vs.log 2,

instead of true and derived distance moduli. Consideras;tand'gr((ii)ften preferable, becguse N t.he latter case one encounters
candle with (bolometric) average absolute magnit(is — problems with the magnitude limit, or more generally, the pro-

M. Withinthe cosmological modelin question, thereisan exagEesswely increasing incompleteness (Malmquist bias of the

relation between apparent magnitugeof the candle having thnd "'T‘d) V\t/rr]]'.d;] mz;y rt])?t d'ﬁlﬁu“ to m0(|jel. This Tafp?r_]sfjust
M = M, and redshift: ere, i.e. at high redshifts, where one also expects test informa-

tion about the world model. In th@og z) vs.m approach, the

m = My + f(2) magnitude limit or observational incompletenessimioes not

. _ matter, and the relevant effects are directly related to either the
This may be converted to give world model or to intrinsic properties of the standard candles.
log 2 = F(m, My). Of course, there may be cases when the magnitude limit prob-

lem is not serious, as has been stated by Perimutter et al. (1997)

Assume that the candles have been selected from the sky dnltheir study of the Hubble diagram of Supernovae. Then the
on the basis of apparent magnitude so that there is no selectlogz vs.m approach should give a consistent result.
say, discriminating against some valueszofFor the sample It is important to note that the alternative approaches give
galaxies withinm + %dm there is the averaggog z),,, . complementary cosmological test information. As a simple ex-

Then the Malmquist bias of the first kind is ample, one may have obtained the “classical” relation=
5log z+ const. fromm versudog z for a standard candle. Then,
without any knowledge of Friedmann models or physics of red-
shift, one might conclude that redshiftis just proportional to
Euclidean distance in a static universe. In a homogeneous uni-
(m), — (Mo + f(2)) verse this conclusion may be tested frosg z versusm. In
the Euclidean case, one would thus recover the expected rela-
tion (log z) = 0.2m+-const’, where const’ includes a constant
Malmquist term. However, in a Friedmann univerkg, z ver-
susm would not give directlyy, = 1, but only if one takes into

(log 2)m — F(m, Mp)

and the Malmquist bias of the second kind is

Note that the first bias is concerned with the average at a
fixed value of apparent magnitude as compared with the pre-
diction from the exact relatiolvg z = F(m, My). The second
bias is concerned with the average apparent magnitude at s unt the non-classical Malmaquist bias.

constant redshift. At small redshifts, where~ (H/c)r and When we speak in this paper about the Hubble diagram, we
f(z) = blogr+const, these definitions go over to the usugl,e in mind especially the traditionklg = vs. m approach.

classical ones. Consequentlywe are concerned with the Malmquist bias of the

) These _tWO bllases have beerj rather extensively dl_scus_ﬁpsq kind, which we call the cosmological Malmquist bias, in
in connection with the Hubble diagram at small redshifts, stinction from the classical bias

the local galaxy universe (see the above references), while they
have received less attention at high redshifts. Perhaps one rea-
son is that the classical Hubble magnitude-redshift cosmoldg3- Aim and contents of the paper

ical test has lost much of its attraction when one has encoyfa gescribe in the present paper the basic ingredients of the cos-
tered formidable problems trying to use evolving galaxies a%y|qgical Malmquist bias (of the 1st kind) and how its amount
standard candles, the uncertain evolution apparently domingtz,|cjated in a given situation. Primarily, the intention is to

ing over other effects. When the Hubble diagram is presentefl,; how much the omission of the cosmological Malmquist

either aslog z vs.m or m vs. log z, it has been common 10 a4 influences analysis of the Hubble diagram and encourage
display, in the frame of Friedmann models, the classical Matiyg «.nsideration in future studies of observational data.

(1958) curves. Such curves give the connection between redshifty, study the cosmological generalization of the Malmquist

and apparent (bolometric) magnitude for ideal standard canqlgss step by step, starting from the pure (non-classical) volume
with exactly the same absolute magnitude (see Sandage (198 fi,x effects in the case of bolometric magnitudes, in order
for an interesting discussion of the Mattig equation). Use of the .o clearly the difference to the classical bias (S&cts4).
Mattig curves is justified in the: vs.log » approach, ifthere IS 1pan jtis emphasized in Sect. 5 that one cannot simply “shift
no Malmquist bias O,f the 2nd kind or the selection bias, becaygg ;e in order to include the K-effect (or the redshift depen-
then(m) for a gaussian standard candle really follows the exagln |yminosity evolution). In Sect. 6, the analogous problem
Mattig curve (if one can ignore any scatterah Sometimes, \uh angular size is shortly discussed, and Sect. 7 illustrates how
but not at all always, the selection bias has been discusseghit}gjon of the cosmological constant influences the situation.
them vs.log » approach, while the bias of the 1stkind has beefq resent discussion is concerned with the Friedmann model,

generally ignored inthieg = vs.m approach where itinevitably 54 one should note that any other model needs its own detailed
appears. Its omission actually is equivalent to the assumptipR. . ant. However. the basic ideas are general
that the bias is constant at all, as is true classically (when the '

space distribution of standard candles is uniform).
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2. Basic concepts: distances, redshifts, and co-moving Classical
volumes Malmquist Bias

In Friedmann models (in the general case including the cosmo-
logical constant), absolute bolometric magnitude apparent ,, _
bolometric magnitude:, and redshift are connected by ©

0.20

background
m = M + 5logdy(z) (@) volume

whered/,(z) is the luminosity distance (in Mpc). It is useful
to remind of the connection af;, to two other distance mea-
sures, angular size distanég and proper motion distaneg
(Weinberg 1972; Ch. 14):

dp = (1+ 2)dy (2a) ~0.20
dp = (14 2)%dy (2b)

The distancel,;, and hencel; andd 4, may be given in
terms of the present day Hubble constafyt together with the
curvature parametér, the mass density paramefey,, and the
cosmological constant paramefer, connected by

k=1-Qn— 3)

Here(,, refers to matter an€; gives the contribution of the
cosmological constank to the total density parametél;
(see the review by Carroll et al. 1992 for discussion, relevant
formulae, and useful diagrams). Then
_ . z Fig. 1. Classical Malmquist Bias: Symmetrical parts of the gaussian lu-
dyr = (c/Ho)[K] /2sinn (‘k|1/2 fU [(1 + z/)Q(l +80m2) mi%wosityfunction, obsgrved througﬁ the magni?ude windov?/ [m-1/2dm,
—2'(2+ Z’)Ql]_1/2 dz’) (4) m+1/2dm], originate from different foreground and background vol-
umes as determined by th&-law of Euclidean volumes and the 2-
In this formula sinn = sin wheh < 0 (closed) and = sinh when law of fluxes.
k > 0 (open). Inthe special flat cage £ 0), the formula adopts
the form for any z and any Friedmann model (e.g. Sandage 1988). E.g.,
P in the Einstein-de Sitter flat model, the co-moving voluvie
da = (¢/Ho) [y [(1+2)*(1+ Qnz’) has the especially simple expression e
—z'(2+z’)Ql}71/2 dz (5)

[m—1/2dm,m+1/2dm]|

3
V()= A[1-1/(1+2)"?] 8)
In the present paper, we mostly adapt= 0. Then the
luminosity distance becomes, in terms/é§ and deceleration \where A = (327/3)(c/H,)3. For otherg, > 0 one may nu-

parameter, (Mattig 1958): merically calculaté/ (z) by integrating the derivate df (z):
dy = (¢/Hogp) (QOZ + (90— 1) {(1 +2¢02)"/% — 1}) (6) dv(z)/dz = (4mc/Hy)d2 ) {(1 +2)3(1 + 2qoz)1/2} 9)

and the Mattig equation for the distance modutus- M is
) 3. Volumes probed by galaxies atn 4= 1/2dm
m = M —5logqs + 5log (qoz + (90 — 1) [-1+ _ S
(1+ 2g02)"/2]) + 43.89 @) If M for a_stanc_iard candle has a gaussian distribution around
My, galaxies withAdl = M, and observed to have apparent
Here the numerical term 43.89 comes fram+ 5logc/Hy, magnituden, mustlie atz given bym = My + f(zo). Galaxies
with Hy = 50 km s~! Mpc—'. Below we use the short notationfrom the luminous wing of the LF and also having apparent

f(z) for m — M from the above equation. magnituden, originate from the volume beyong, while those
We also need to know the co-moving volume in the Friedrom the fainter wing come from the foreground volume.
mann model. Consider the galaxies with redshjfin a homo- In the classical case, one has instead of redshift the usual

geneous universe the number of galaxies with 2, is propor- Euclidean distance and the distance modulus — M has the
tional to the co-moving volum¥ (r(z)) within the co-moving familiar connection withr. Then in the case of a uniform space
distancer corresponding to the galaxies which presently adistribution, the background and foreground volumes defined
observed to have = z,. The volumel/(z) may be calculated by galaxies having, say/ = My — o andM = Mj + o and
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Cosmological Table 1.1c volume ratios

Malmguist Bias

z/qgo | 005105 [1.0 [ 05&K(2)" [ % =Q, =05
0.001| 1.99| 199 | 1.99| 1.99 1.99
" & 0.1 184 | 1.84| 1.84 | 1.44 1.85
M- o0 vOZ-
o g 0.5 154|151 | 1.49 | 1.07 1.55
background 1.0 140 | 1.35| 1.31 | 1.05 1.39
comoving volume 15 134 | 126 | 1.21 | 1.24 1.29
2.0 1.30| 1.20 | 1.15]| 1.19 1.23
M ’ —~ * K (2) is the “elliptical” K-correction (Sect. 4.1)
o o \1\7/
foreground f
comoving volume N The desired ratid?;, of the volumes is then
g _ V(z(=0)) = V(z)
3 Rlo - (12)
Mo+ o B V(z0) = V(z(+0))
+ I . .
? s In Table 1 the volume ratios are given for= 0.001, 0.1, 0.5,
/ 1.0, 1.5, and 2.0, whes = 0.5 mag. The corresponding clas-
g sical ratio foroc = 0.5 mag is = 1.995, close to the calculated

volume ratio forz = 0.001 in all Friedmann cases. We shall
return to the last columns of Table 1 in Sects. 5 and 7 where
the influence of the K-correction and non-zero cosmological
constant are respectively discussed.

At increasing redshifts the ratios get progressively smaller
which means that the Malmquist bias decreases (the volumes
where the bright and faint Gaussian wings are sampled differ
[m-1/2dm,m+1/2dm] less). It is useful to inspect this table when one formally iden-

Fig. 2. Cosmological Malmquist Bias in Friedmann models: SymmeE'-fles redshiftz with distance. Then _the cagg = 1 hf”ls the
fical parts of the gaussian luminosity function, observed through tR@me dependence of on z as classicallyn has on distance
magnitude windowjm — 1/2dm, m + 1/2dm], originate from dif- 7 and the strong dependence of the volume ratia drence
ferent comoving volumes. Fundamental theory gives the changé ofreflects directly the “geometry” of suchzaspace. For smaller
with redshiftz (together with the K-term K(z)) and the value of cog, bothm(z) dependence and geometry change, their effects
moving volume, allowing one to calculate the average value of logz farorking in opposite directions, and the net effect is that the
standard candles with apparent magnitude m. volume ratios differ a little less from the classical one, in com-
parison withgy = 1. We illustrate the relevant trends in Fig.

falling on the magnitude intervak - 1/2dm, are different (see 3 Where 3a shows the luminosity distance versusb shows
Fig. 1). Their ratioR,, is a useful indicator of the Malmquistth€ angular size distance versusand 3c shows the volume

bias. Classically, it has the constant value: derivativedV/dz versusz, for a few Friedmann models. In all
. diagrams, we have also indicated the relation for the “classical”
B — 10967 — 1 10) ©ase where o Euclidean distance.
lo = 710060 (10)

In Friedmann models, such foreground and background vél- Calculation of < log z > atm + 1/2dm

umes must be defined as co-moving volumes. . When one looks at the Hubble diagramlaész againstn, and
In order to get at once a feeling of how the classical cag

e AR . .
. . . rlles to compare the observed distribution of data points with
is deformed when one considers a Friedmann model, we cal- . . . .

. i - .~ some theoretical scheme, the basic task is calculation of the av-
culate the mentionedls volume ratios”R;,, for a few zq in

the Einstein-de Sitter model and with two other modejs< erage value dbg z at constant value of.. Already the classical

0.05 and 1.0), and compare these with the classical ratio (th/laz%lmqwst bias makes one anticipate thiat z) atm is not the
same asog z(m, My), wherez(m, My) has been solved from
depends only omn).

Suppose that the dispersion of the standard canelelisen the Mattig equation (corresponding to an ideal standard candle

galaxies symmetrically aroundy, at My + o andM, — o, are with a zero-dispersion LF).
found at redshiftg(+0) andz(—o) ( z(+0) < z(—0) ) (see
Fig. 2). These redshifts are determined by the requirements#.1. Basic formula

f(z(+0)) = f(20) = —0 (11a) Inthis sectionwe study the case of bolometric magnitude, ignor-
ing any complications due to K-effect. Itis simply assumed that
f(z(=0)) = f(20) = 40 (11b) inthe observed sample, the galaxies at constarare found in
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It is, of course, not necessary that the sample contains all the

existing standard candles in the sky having apparent magnitude

m=+1/2dm. However, one must assume that the available sam-

ple galaxies atn faithfully follow the underlyingz-distribution

so that no selection effect distorts the distributior of
Denotinglog z by p, the average value abg = for a fixed

m can be calculated as:

I pdV (w)G(m — f(n)
Joo AV () G(m — f(p))

In this expressiondV () = (dV (u)/dz)(dz/du)du, and the
derivativedV (i) /dz was given by Eq. (9).

(13)

(log 2)m =

4.2. Examples

In the displayed examples, we use two values of the dispersion
o for a standard candle: 0.3 mag and 0.5 mag. Of these, 0.3 mag
may be regarded in practice as a very good one. It is assumed
thatM, = —23 andH, = 50 km s~! Mpc~—!, and some results

of calculation have been given for Friedmann models (of zero
cosmological constant) witly, = 0.25, 0.5 and 0.75.

Figs. 4-5 show the difference between the actieglz) and
thelog z predicted by the Mattidpg = vs.m relation which im-
plicitly presupposes that the disperstois zero. At zero redshift
the difference is normalized to be zero by adding to the Mattig
curve the classical Malmquist tefir2 x 1.38242: at smallz the
calculation correctly reproduces the classical Malmquist bias.
Note that in practice, when one is not interested in the volume-
limited average absolute magnitude of the standard candle, this
adjustment has been left for Nature to do.

Conversely, one may read from Figs. 4-5 (by changing the
sign) thecorrectionwhich must be added tfiog z) at a given
m if one wishes to compare a Hubble diagram for bolometric
magnitudes with the predictions made by the Mattig curves. The
correction depends on the correct Friedmann model it&&Jf (
qo, and more generally\) and on the correct parameters of the
standard candle\(y, o). In fact, becauser = M —5log Hy +
25+ F(qo, A) andH does not appear in the volume ratios, the
correction atn is the same for any such choice iy and H,
giving M, — 5 log Hy = fixed constant.

Let us consider only the case where standard candles may be
observed in sufficient numbers already at small redshifts. There
m = M — 5log Hy + 25 + 5log cz, and the zero poind/y —

Fig. 3. These diagrams show how luminosity distadgeangularsize 5]og H,, + 25 is obtained without a separate determination of
distanced 4 (both in unit ofc/Ho), and derivative of comoving vol- the distance scaléH,) and they, parameter. At small redshifts

umedV/dz (per unit solid angle) depend on redshiffor Friedmann

models withgo = 0.05, 0.5, and 1.0 = 0). “Eucl” means the case
whenz is proportional to distance in an Euclidean space — it forms an
instructive comparison to what happens in a Friedmann universe. E
qo = 1is closest to Euclidean as regards the luminosity distance, but
farthest from Euclidean as regards the volume derivative.

also the dispersion may be determined. Hence, in such a case
an important feature of the standard classical Hubble diagram
.S.S't is preserved: one does not need to know the valiig, of

"If one takes another value dfl, — 5log Hy, e.g. another
standard candle class (keepiffy and o fixed) which is one
magnitude brighter, then the corrections from Figs. 4-5 are valid
for this class when one reads themmat- 1 instead ofn (the in-

space distributed according tas expected on the basis of thérinsically brighter class extends as deep into the redshift space
co-moving volumes correspondingde and the space densityat brighter apparent magnitude). Because the Malmquist cor-
of galaxies having absolute magnitudé = m — f(z). Itis rection to(log z) depends on the Friedmann model, one needs
useful to emphasize that a completenessiiis not required. a procedure where the corrections are calculated for a range of
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Fig. 4a and b. The difference(log z) — log z(m), given as dots, be- Fig. 5a and b.As Fig. 4, but now for the = 1/2 universe.

tween the true(log z) and the zero-dispersion (Mattig) prediction

log z(m) for a standard candle class witily = —23 ando = 0.3

mag @) ando = 0.5 (b). It is assumed that the true parameters of The results are such that the apparent valug gbes down

the Friedmann universe agg = 0.75 and Ho = 50km s~ Mpc™",  from the true one, and this effect s stronger for larger dispersion
and to the Mattig prediction has been added a constant term equaOL.thith a very good standard candle with= 0.3, one would

the classical Malmquist bias. Note how the trileg z) drops below dherive by the normal procedure from the Hubble diagram up
the usual prediction at faint magnitudes. The open triangles show Eoeabout< ~ 1.5 thaten — 0.65 when it is actuallv 0.75
corresponding difference for an erroneous valugsofvhich predicts - z()) ;thé 1inferrg(zj valu.e would drop down t)c/) 0‘ 45'

the observedlog z) at brighter magnitudes. For such standard candlggith ; . )
(log 2) ~ 0.2 aroundm = 22. As explained in the text, these cor-0-5, Whiles = 0.75 would giveqy = 0.2 —0.3 (not displayed).

rections are valid for any standard candle and distance scale for wHicwe are actually living in the Eistein-de Sitter universg
My — 5log Hy = constant= —23 — 5log 50. If Hy is kept constant, 1/2), theno = 0.3 would give that apparently, ~ 0.4, while

while M, is changed, one moves accordingly on theaxis. o = 0.5 would perhaps make one believe thgt~ 0.25. If
qo = 0.25, theno = 0.3 would produce an apparedq =~ 0.15
(not displayed).

We emphasize that these results are concerned with obser-
qo if one wishes to derive the value gf from a high= Hubble vations below bolometrien ~ 22 (where (logz) ~ 0.2 or
diagram. z &~ 1.5 with the adopted\/, and Hy). At fainter magnitudes

Itis illuminating to show in Figs. 4-5 also the curve for th€for such a standard candle) the behavioufleg z) may not be
apparent, erroneous value @f which roughly “predicts” the described by a unique appargptin the next sectionitis shown
run of (log z) at brighter magnitudes, again on the basis of thkat an improper treatment of the K-effect may substantially still
zero-dispersion Mattig curve. enhance this source of error.
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T T T T

a. q(true) = 0.5
A realistic situation involves magnitudes defined by a fixed 0 =203
wavelength band, which in the presence of redshift requires ¢ gs | |
one to take into account the K-effect. We do not see in the sky
the bolometric magnitude:,,.;, but =l

mobs(z) = mbol(z) + K(Z) (14)

In the calculation using bolometric magnitude, the distributiony '/‘\.\'/.
of log z atm was derived from the knowledge of the luminosity 2
functionG (M) whereM = m — f(z). With the K-correction, v
one instead has to usd = m — K(z) — f(z) in orderto get  —0.05 q
the absolute magnitude that defines the luminosity function.
Generally, if K(z) increases with so that the galaxies get
faint more rapidly than just due to the bolometric factor, then w w w w w w w
the backside volume effectively decreases in Friedmannmodels, '4 '6 &8 20 22 24 26
and the trend noted with bolometric magnitudes is still strength-
ened. At a fixed observed,,,s the absolute magnitude, — o
is reached at a smallerthan if the K-correction would be zero
(mobs = Mo — o + f(2) + K(2)).

5. Including K-effect and other corrections

>—logz(m
g
e
o

obs

b. q(true) = 1.0
g=2023

5.1. “Elliptical” Ky -corrections

z(m)

We illustrate this effect using the K-correction for the V- 2
magnitudes of elliptical galaxies. Coleman et al. (1980) givej 0008 - - g’
such corrections up te = 2.0 in their Table 7, corresponding W
to measurements of the bulge of M31. Without evolution, the K—§
effect would make an elliptical galaxy fainter by 3.46 and 5.07
mag atz = 1.0 and 2.0, respectively, as compared with the pure=°-95 |-
effect of the bolometric factor. As we make calculation only up
to (z) = 1.5, it is sufficient to extrapolate the K-corrections up
to z = 2'5. | | | | | | |
Table 1 shows the ratios of foreground and background vol- 1 1 ' 20 = - 2%
umes in this case fogy = 0.5. Note how the ratios change
in comparison to the bolometric case. The change of the trefig. 6a and b.The difference betweefiog z) and the zero-dispersion,
aroundz = 1.5 is caused by the fact that there the chandécorrected (Mattig) prediction for a standard candle class With=
of bolometric magnitude witkk becomes more rapid than the—23 ando = 0.3 mag and “elliptical” K-correction for V-magnitudes
change in the K-correction. (dots). The Friedmann universe hak = 50 km s' Mpc™'and
Itis a practice to include the K-correction in the theoreticii&;\l t%g C(gﬁzi;)gsgﬁ'é zzﬁ:rihocélcf)(\;\:’e;nngsgr.‘e-:j:?/acl)lpj);r;ftl’::ilqgIes
333 iilfﬁ ee r:ijobnbll\él aclit:\% r;ur:]v(ee agn?(g;:: FE;.Z&QE a\’f: %;) Thrlgughly predicts thi observe{dbgi) at brighter magnitudes. Around
means that the Mattig equation becomes Mobs = 26, {log z) ~ 0.12 0r (2} ~ 1.3.

Mobs — K(Z) — My = f(Z) (15) - -
With a largero, the apparent values gf, would become still
from which thelog z(m) relation is solved. Now the relevantlower (e.g. withc = 0.5 mag,q, = 1.0 would drop down to
question is: How much do the actugbg z) vs. m.p,s relation, =~ 0.15).
derived as discussed above, and this K-shifted zero-dispersion
curve differ from each other? 5
Fig. 6 shows similarly as Figs. 4 and 5 the difference betweer
the actuallog z) and thdog = predicted by the K-shifted Mattig
log z vs. m relation. In comparison with the bolometric magAt this pointitis useful to consider the question: What if one first
nitudes, the “apparentj, inferred using the K-shifted curvesconstructs théog z vs.m. diagram wheren,. = mgps — K(z)
becomes still smaller, and the effect may be quite significaatd then compares the resulting run of data points with the more
even for good standard candles. For exampley is actually fundamental bolometric predictions of Sect. 4? Using this, per-
1.0andr = 0.3 mag, the usual procedure would make one inféraps “more natural” procedure, does one generally get the same
thatgy ~ 0.5. If g is 0.5, then one might derive that ~ 0.15.  result ongg, as with theog z vs.m,s diagram? This question

obs

2. Why not make K-corrections to observed magnitudes and
then compare with “bolometric” predictions?
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faint apparent magnitudes corrected for the K-effect is missing,
logz because of the magnitude limit.
Mol In the approach of Sect. 5.1. the magnitude incompleteness
o . does not appear for the same reason as in the formalism using
0.2 - 5 R : bolometric magnitude (in fact, insteadaf = M — f(z), one
. . hasm = M — f(z) + K(z) = m — f'(z), and galaxies with
o . apparent magnitude: are gathered unaware of whether the
faintness is due to the cosmological bolometric fagtar the
ool o . ¢ | K-factor K).
' It may be concluded that theg z vs.m,s approachis really
eV * the recommended one, and the theoretical expectations must be
ov . calculated in the manner described in Sect. 5.1. Of course, when
oo . one works sufficiently far away from the magnitude limit, then
oo L o - i the K-corrected magnitudes., together with the bolometric
K obs predictions (Sect. 4), should give the same estimatg.of
18 20 22 24 26

m 5.3. Luminosity evolution, galactic and intergalactic extinction

Fig. 7. Part of a schematic Hubble diagram showing how making neghl€ Present paper deals with the fundamental modifications that
tive K-corrections to observed magnitudes (dots) affected by a magii€ classical Malmquist bias experiences, when standard candles
tude limit (here = 24 mag) does not reproduce the distributidngf  are putinto a non-classical, here Friedmann, space from small to
for bolometric magnitudes (open circles), but a truncated distributitrigh redshifts. In this first step, a few basic assumptions are still
results (triangles). In this case the selection bias influences the cospaken over from the classical case: 1) the standard candle class
Iogical Malmquist bias. This |mpI|es that one should use in the analyﬁige” and its space number density do not Change with the look-
of the Hubble diagrartvg z versusmons (and the results of Sect. 5.2), pack time, 2) the intergalactic space is clean from extinction,
and notlog z versus K-correctedu (with the bolometric results of 54 3) there is also no variable foreground galactic extinction
Sect. 4), especially close to the magnitude limit. screen. Here we make just a few comments on these topics.
As far as the observer is concerned, a change of the intrin-

sic luminosity with redshift has similar consequencies for the
is relevant, because if the answer is positive, it is sufficient tyg 2) vs. m,, diagram as a K-effect, and must be included
work with the results discussed for bolometric magnitudes. in the analysis formally as was done in Sect. 5.1. The influ-

However, the answer is negative, which may be seen as fefce of intergalactic extinction is like that of K-correction and
lows: The procedure with bolometric magnitudes requires thatlependent evolution. Though it is not presently known how
the distribution oflog z at constanin does not depend on any-important this extinction is, it would in any case work in the
thing else than space geometry, bolometric fagiar), and lu- same direction as an increasing K-term, i.e. pulling down the
minosity function. A constantu. is made from galaxies with apparent value afy.
differentm,,s and the distribution ofog z atm,. now comes to How should one make galactic extinction corrections? Con-
depend also on the relative completeness of the sample at glifler two regions of the sky, one (A) without extinction and
ferentm,y,s. For example, if the K-correction increases towardmnother (B) with a constant extincti@mn. At A, the galaxies
high z, the highz wing of thelog z-distribution at a constant falling on the apparent magnitude have the same distribution
m. Will be underpopulated relative to the smallwing. Thisis of log z, as the galaxies at B, found at the apparent magnitude
schematically illustrated in Fig. 7, where are shown 1) adistribax + dm. Hence, one may freely combine in thes z vs. m
tion of log z at a constant bolometric magnitude (open circlesjjagram the galaxies at A and at B, just by using for the latter
2) positions of these galaxies in the Hubble diagram influenctw correctedn. = m — dm. In this manner, thélog z) vs.m
by the K effect (dots), together with a vertical line indicating theelation is not affected by galactic extinction, if eaghs accu-
magnitude limit, and 3) the galaxies after K-correction made faately corrected (so, the procedure differs from K-, evolution,
theobservedjalaxies (triangles). Clearly, making K-correctionand intergalactic extinction corrections).
does not reproduce the bolometric distribution, because many
high-z galaxies have been lost beyond the magnitude limit.
the way, here we have a situation where the two types of biasé
together influence interpretation of the Hubble diagram even@ualitatively speaking, luminosity distance in a Friedmann uni-
the sense diog z vs.m. verse (whenyy < 1) increases more rapidly than “redshift dis-

It should be added that a similar problem appears alsatdice”, while angular size distance increases more slowly (Fig.
the K-corrections have not a positive, but negative sign (lik®. How does this influence the volume ratios and the bias?
typically radio loud quasars in V-band; e.g. Fig. Al in Teeriko- Let us assume that we have a standard rod (which we look
rpi 1981). In this case, a lower part of the = distribution at perpendicularly, something like the apparent major axis of a disc

?ias in angular size distances
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Table 2.10 volume ratios for angular size (1/5) x 1.382 x (50104 p)? = 6.9080120gD. Fig. 8 shows the
diameter Hubble diagrams fg§ = 0.05 and 0.3, assuming that
z/qo | 0.05 05 | 1.0 | 0.5& = the dispersiomr,, p = 0.06 (corresponding in classical accu-
0=0.05] Om =05 racy tooy; = 0.3 mag). In addition to thélog =) prediction, the
0001} 200 2.00| 2.00 1.41 2.00 Mattig curves for the true and “apparenf)’s are shown. The
0.1 221 | 222 | 2.24 | 1.49 2.21 L . .
0.2 248|257 267 | 159 250 curves indicate that well above the angula}r size minimum, the
03 283|316 363 1.75 292 run of (log z) for such a good standard rod is given by apparent
0.4 3.30| 458 | — 1.99 3.67 qo ~ 0.5 when truer = 005, and bqu ~ 1.0 when true
05 |400|— | — |245 5.64 qo0 = 0.3.
06 |512|— | — |401 — In practice, one has more often presented the diameter-
0.7 |743|— |— |— — redshift diagram agog © versusz (though not always; Pen

+* Empty entries mean that the upper redshift-o) exceeds the value 1997) This approach is natural when the data extend beyond the

zmin Where angular size has its minimum. expectedz,,;, and when the problem with a limiting angular
size is insignificant. Even then, one should get a consistent re-

galaxy) which has the linear sizévg D) = D, and gaussian sult using thdog z vs.log © approach above the region of the

dispersioro,g p. Classically, theo volume ratio is: minimum angular size. However, as was shown above, ignoring
30 the Malmquist bias could invalidate such an attempt, bringing
1077 —1 . . .
Ris = 1105 (16) about confusing and inconsistent results.

This ratio has the same value as for magnitudes wjth=
5 X g10g 0 (EQ. 8). In order to compare the volume ratios with
those of Table 1, we hence takg, p = 0.1. Such a standard 7. Notes on non-zero cosmological constant
rod corresponds in accuracy to a standard candleswith= 0.5
mag. Because of the minimum angular size, we consider offlys interesting to know in which way a non-zero cosmological
redshifts where(+c) < zmi,. Table 2 shows that even at suctgonstant influences the Malmquist bias: the dependence of both
relatively low redshifts the volume ratio (which ndmcreases distance modulus and comoving volume derivate on redshift
with z) deviates strongly from the classical one. In the fiftfather strongly depend on how large is the contribution of the
column the calculation fog, = 0.5 has been repeated for acosmological constant ter, to the totalQo; = Q, + 2.
better standard rod with = 0.05, while the last columnrefers  |tis sufficient here to state the expected trends, on the basis of
to a case with non-zero cosmological constant (Sect. 7). how the cosmological constant changes the luminosity distance
We can understand why the deviation from the classiogd. redshift, angular size distance vs. redshift, and comoving
value is larger whenq is larger, by looking at Fig. 1: both thevolume derivative vs. redshift relations.
angular size distance and the volume derivative increasingly

deviate from the “euclidean” curve wheg is increased. The tive) in the review by Carroll et al. (1992), where the curve A

generally large deviation makes one to expect a large influerl:%?responds to the caSk,, — 1 andQ, = 0, while the curve
ofthe Malmquistbias on thiog z) vs.log © (© =angularsize) £ ors 100 = 1 andQOl — 0.99. There is a significant dif-

curves already at smatl Because the volume ratio increasei%reme between these two curves already below 1. If one

with 2, the effect on the Malmqui;t bi_as Is differept than "Ronsiders open universe@(; < 1) with non-zera;, both lu-
the case Of_ stanplard Can_dles._the bias increases with decreaﬁ‘mﬁ)sity distance and volume derivate increase steeper (at small
log ©, and ignoring the bias will lead to a too large valugigf and moderate redshifts) than in zelp-spaces. Steeper lumi-

When we are looking at the data & = vs. log©, the g1 gistance means deviation away from, while steeper vol-

;le)ri?tlfig .a??)g:rlar‘ Slégr?pllri"clztue?tfé 2;3;tls;ns.'|z_|ig'cséamseg§;%e de.rivative' means approgch_ing the “classical” case, hence
! i . ' t is not immediately clear which is the net result.

sonable to restrict oneself here to relatively snjalg z) and ) .
to show that even well before the influence of the maximum in Calculating thdo volume ratios for the flat case,, +<; =
dx starts to be felt, the Malmquist bias is important. When orleShows that the steeper volume derivate is actually slightly
calculatelog 2) at a fixedlog ©, using the formula analogous™©re important (voIL_Jme ratios shift a_llttle to_vvards the classical
to Eq. (13), a possible choice for the upper integration lim@ne)- Angular size distance vs. redshift relatlo_n alsois steepened
is the 2,1, corresponding tay. Then at largdog © the rods (d4 = di/(1+2)?) by the non-zero cosmological constant, but
originating from the “backside” or decreasing part of the NOW this means achangetowa}rdgthe classical case (cf. Fig. ;b).
curve, do not interfere. Because of the strong deviation from tR§cause also the volume derivative goes towards the classical
zero-dispersion Mattig curve already at rather small distanc&8Se; this is also the net result. These c'onclu5|ons are verified in
even with this simplification, which slightly underestimates tH&€ 1ast columns of Tables 1 and 2, which show thevolume
effect, the curves are quite revealing. ratios for the case whefe,,, = 2, = 0.5.

As in Sect. 4, we add to thleg = from the Mattig curve In order to calculate the volume ratios and the theoretical
the classical (smalt) Malmquist bias which for diameters is(log =) expectations whef}; is not zero, one needs the general

Seee.g. Figs. 5 (angular size distance) and 6 (volume deriva-
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relative contributions t6,,; coming from mass and cosmolog-

\ g = 0.05 ical constant. Assume that one wishes to determine the fraction
\ o =0.086 Q, using standard candles and rods in the classical sénge:{
vs.m, (log z) vs.log ©), but one is not aware of the cosmolog-
ical Malmquist bias. If in reality); = 0, then straightforward
use of zero-dispersion curves makes one conclude from the stan-
dard candles (assume bolometric magnitudes)¥at 0. On

the contrary, standard rods (c.f. Sect. 6) would seem to require
Q; < 0! This contradiction could only be resolved by taking into
account the cosmological Malmquist biases for magnitudes and
sizes.

@]
@)
I
|

<logz> :

/vvobsvv

\ / Mattig(0.5)

Mattig(0.05)

—0.5 -

8. Discussion and conclusions

As the present paper introduces the cosmological Malmquist
| bias as a theoretical phenomenon, we do not make a detailed
36 34 _32 _30 -28 -26 study of its consequencies on the various previous investigations
logh of the Hubble diagram - it is important that in future works its

influence is recognized whenever one is compelled to use the
S b - 7 (log z) vs. m approach. One fact which complicates matters
is that different authors use different sets of K- and evolution
corrections, not always explicitly published, and the analysis of
obs" any Hubble diagram must combine such corrections with the
v/ Malmquist bias model here introduced.

= However, for the purpose of illustration, one may look at
\/Mamg(f@) the well known Hubble diagram in V-magnitude for giant el-

\ lipticals and radio galaxies, published by Yoshii & Takahara
(1988) together with various zero-dispersion theoretical curves
(their Fig. 3). On the basis of the above discussion and assuming
| thato = 0.3, one may conclude that their non-evolving, but K-
corrected V-curve ofi; = 1.0 should be shifted down close to
the curve ofyy = 0.5, while the latter is further shifted towards
smallerqy.

The theoretical evolution corrections for elliptical galaxies
! ! ! strongly counteract thé&(y -effect, though they do not totally
-36 =34 =32 =30 -28 =26 cancel it. Hence, the curves with the adopted evolution correc-
logh tions should be shifted in the same sense as the non-evolving
curves, somewhat increasing the pressure towards higher

o

<logz>
Q
Il
©
o
o)

\ 2

Mattig(0.3) -

—0.5

Fig. 8a and b.log z vs. log(angular size) relations for a standard ro

2 ) : 4nd/or more recent galaxy birth epoch
with dispersiorvi.s p = 0.06, at large angular sizes whefe) < 1. . -
In atrue g = 0.05 and inb go = 0.3. The integration has been . should be noted that though with a sufficiently sneathe

extended Up taumim, hence the “obs” curves slightly underestimat®@r€Sent effect goes to zero, the larger effects accompanying the
the bias in the smalleg © end. Corresponding zero-dispersion Mattig2lgero’s are quite relevant in practice: one would certainly be
curves are also shown, as well as the Mattig curves which rather wa@ppy to find a true cosmological standard candle with, say, a
fit the predicted run oflog z): “apparent’qo ~ 0.5 in a. and 1.0 in b. moderate dispersion = 0.5. E.g., aroundz) = 2 the differ-
ence between the usual bolometric Mattig curvesjfoe 0.2
and 0.5is about 0.5 mag, and one would expect that a sufficiently
large sample of such candles would easily make a difference be-
tween these cases. However, forgetting the Malmquist bias in the
dv = (d?w/ [1+ k(Ho/c)*dy] 1/2) d(dpr)dS (17) log z vs.m diagram would necessarily lead to an erroneous con-
clusion, and the more so if one puts “elliptical” K-corrections
Then calculation oflog z) proceeds exactly as in Sects. 4 angirectly to the Mattig curves, as is often done.

6, Using in addition formulae (2) - (5) Here we do not present The main Conc'usions Of the present Study are:
such calculations, but merely point out some qualitative trends

which are useful to know. e The cosmological Malmquist bias is an essential part of the
Take again the hypothetical situation where it is considered theory of gaussian standard candles (or rods) in the Fried-
as afactthat = 0 (Q2,,, + 2, = 1), but one does notknowthe  mann and other cosmological models.

formulafor the volume elemenV/, giving the derivativelV/dz
for the comoving volume (e.g. Carroll et al. 1992):
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e There is no question that the usual zero-dispersion Mat-
tig (1958) curves should be corrected by a non-constant
Malmquist bias term in thew—log z Hubble diagram. Mak-
ing no correction is equivalent to the silent assumption that
the bias is constant as is the case classically when the space
distribution is uniform.

e The deviation of the cosmological bias from the constant
classical bias depends strongly on the dispersi@f the
gaussian luminosity function. ¥ is larger than or equal to
0.3 mag, neglecting this bias in the analysis of the Hubble
diagram can lead to significant errors in the derived value
of the deceleration parameter.

o K-effect and luminosity evolution require special attention:
they cannot be just put into the Mattig curve, not even to the
deformed Mattig curve which includes the effect of the bolo-
metric magnitude Malmquist bias. Nor should one make di-
rect corrections to the observed magnitudes and then make
a straightforward comparison with the (deformed) Mattig
curve. Instead, one must explicitly calculate the predicted
(log z) at fixed observed apparent magnitude

e It is worthwhile to consider always two complementary as-
pects of the Hubble diagram as a cosmological test. These
are thelog z vs.m andm vs. log z approaches, which are
influenced, respectively, by the Malmquist bias of the first
kind (here discussed) and the Malmquist bias of the second
kind, also called the selection bias.
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