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ABSTRACT

We present a detailed siudy of the structural properties of four gravitationally lensed disc
galaxies at 7 = [ Modelling the rotaion curves on sub-kpe scales, we detive the values for
the dise mass, the referenee dark matter density and core radius, and the angular momentutn
por unil mass, The derived models suggest that the rotation curve profile and amplitude arc
best fitfed with a dark matler component similar 1o those of local spiral galaxies. The swetar
component also has g similar length-scale, bug with substantially smaller masses than similarly
tumninous dise galaxizs in the local Universe. Comparing the average dark matter density inside
the optical radius, we find that the disc galaxies at £ = | have larger densitivs (by up to a faclor
of ~7} than similar dise galaxics in the local Universe. Funthenmore, the angular mormentum
per unit mass versus reference veloeity is well matched to the loeal relation, supgesting that the
angufar momentum of the dise remaing constant between high redshifts and the present day.
Though staistically limited, these observations point lowards a spirals’ formation scenario
in which stellar discs are slowly grown hy the aceretion of angular momentum congerving
materinl,
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PANTRODUCTION

It hos fong been known that the kinematics of spiral gakaxies do
not show Keplerian fall-off in their rotation corves (RCs), but rather
imply the presgnes of an invisible moss component in addition o
the stellar and gascous dizes (Rubin, Thonnard & Ford 1980; Bosma
198 1: Persie & Salucei 1988). In the local Universe, by observing
the distribution of stac lipht and mopping the paseous coraponent
through Hi # has heen possible o build up o picture of the how
the baryoric component of dise gataxies is distribaecd and how this
relates to the underlying dark matler (DM) component {g.8. Persie,
Sahcei & Srel 1996). Tracing the evolution of galaxy mass from
high redghilis up 1o (he present doy 16 onty mdy reliable 1T we can
observe the same components ot carly tmes, A plongenng study wag
performed by Vopo et ak. (1996) where o handful of RCs of objocts
at 2 — 0.5 were obuained using traditional long-slit spectroscopy on
the: 10-m Keck Telescope, However, at higher vedshifis (e.g. 2 2 1}
gilaxies are much Finter and have smaller angular dise scalelengths
than palaxies observed af low redshilts, therefore, obiaining the
spatial information reguired for detailed studies is beyond the limits
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of curreéni technelogy. Indeed, mapping the imernal properiies and
dynamics of both the stellar and guscous components of galaxies
at high redshifts is one of the main science drivers for the next
generation of ground-based and space-borne telescopes at many
wavelengths (e.p. ELT, NGST, ALMA).

One way o overcome this problem is to use the nawral anphi-
fication caused by gravitational lensing to boost the size and flux
of distanl galaxies which serendipitously lie behind massive galaxy
clusters. This technigue is exirenely useft] since we are able (o ar-
gt galaxtes which would otherwise be too small and Maint to crsure s
sufficienily high signal-to-notse ratio spectroscopy in conventional
observations. As such, gravitational Tensing has been extensively

with an pmplification factor of 10, an angular seals of 0.6 aresec can
comespomd to 50,5 kpe, sufficient to map also a small spiral,

Tho benefits of gravitational lensing are complemented by In-
tegral Field Spectroscopy (which produces a contiguous fwo-
dimensional velociry map at each point in the target galaxy). This
allows a clean decoupling of the spatial and specirl informa-
tion, thus eliminating the problems arising from their mixing in
traditional long-slit observations. It is (hercfore much easier to
identify and sludy gadaxies with regular (bisymmetie) velocity
ficlds,
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In this paper, we prosent a detailed study of four RCs extructed
from disc galaxies which have been observed through the cores of
massive galaxy cluster lenses. These targets are taken from the re-
cent work of Swinbank et al, (2003, 2006). They were observed with
th Gemini-North Mulii-Object Spectrograph Intepral Field Unit
(GMOS IFLN.! We concentrate on the galaxy dynamics as traced by
the [ n1]Aa3726.1,3728.8 A emission-line doublet. The IFU dota
provide s map of the galaxy's velocity ficld in sky coordinates. To
interpret this field, the nmgnification and distortion caused by the

gravitational lensing eftect are removed ustig detailed models of

the cluster lonses (See Smith el ol 2005; Kneib et al. 1996; Smith
2002, For dewtts), The primary consirains on the lens models are the
positions and redshifis of spectroscopically confirmed gravitationa
arcs in each cluster. The source plane velocity lelds of fowr systems
which display regular (bisymmetnic) rottional velocity fields that
is resembling rotuting dises, were reduced to ane-dimensionsl RCs
fron which the ssymptotic terminal velocity was extracted wid com-
pared with the galaxy lominosity (Swinbank etal. 2003, 2006). The
key advamtnpe of using gravitmional lensing W boost the imsges of
chistant galuxies s that we arg fess ased wowards the most-lwninous
gnlaxies, Whilst ohservational intormation on the distribution of the
H i discs in galaxics at these carly times would be welcome, such ob-
servatons wil have o wait for future instrumentation (e.g. ALMA).

In this paper, we use nebulnr emission Hnes 0 probe the kine-
matics of the galaxics, We exract one-dimensional RCs from the
velocity fields to infer the distribation of stellar and DM compo-
nents, Fimatly, we compare our results with sicalarty lJuminous dise
palasies in the focal Universe. Throughout this papar, we uge g cos-

2 DATA

2.1 Sample selection

Owr sample comes from observaiions of six gravitational ares in
Swinbank et al, (2006). In order to avoid possible hinses, the targets
wete selected only to be representtives of gafaxies in the distnt
Univetse and no atempt was made to seleet galaxies with relaxed
Inte-type morphology. We did, however, require that ares were re-
sobved in both spatial dimensions so that 3 iwo-dimensional vetocity
field could be extracted from the IFU data, This resiticted owr se-
lection to galaxies with moderste mugnification. From the sample
ol six galaxies, four galaxies appear i have (relaxed) bisymmetric
velogity fiedds with late-type morphologies and colours, The RCs
from these four galaxies appear regular and we (herefore restrict
our analysis to these arcs. We stress Lhit the morphology, colours
and velooity fields of the four galaxies in this semple alb strongly
suggest that these galaxies are consistent with le-Lype spirals (see
Swinhank et al, 2006),

2.2 Photometry

From our optival/mese-inlrared tmaging, we constrain the speetral
energy distAbation (SEI) of cach galaxy. Since the sres usually lie

! Propramme 1 GN-2003A-0-3. The GMOS observations are based on
vhservations ubtoined ol the Gemini Observatory, which is operated by Lhe
Associntion of Universities for Research in Astronony. inc., urder i cooper-
wive ipreement with (the Natonad Science Foundation (NSF) on behall of the
Cemini partnership: NSF (United States), the Particle Fhysics ard Astron-
umy Research Couneid (United Kinpdom, the National Research Council
(Capaelad, CONICYT (Clyied, the Australiao Research Council {Australia),
NPy (Bragily and CONLCEY CArpenting),
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Table 1. Berived structural parameters from the RC mass modelling. Error
hars for Mp are shown in Fig. 2, while the uncertaintics in £y, vop, Ry 2
3.2 Rp and pg amounl Lo 30, 15, 15 and 40 per coi, respeelively.

A z M n M fop vm
(O Ma) kg 0 P gen™) (kpe) ks

Propertics of the pelaxies

A2390 0912 (.40 EN 1.4 8.3 51
RGBIT4S 1056 .18 4.2 037 .6 4
ALY 1.034 1.70 53 0.64 7.7 166G
Clad36 L6 012 1.4 32 54 HH

with a fow areseconds of nearhy bright cluster galaxics, we calou-
late the magaitode of the arcs in various passhands by masking the
arc and Interpolating the lght from the aearby cluster members,
The background light is then removed and surface phowmetry in
differcnt bandds is obtained,

Using the clhuster mrass models, the arcs ave recosstiucted o the
sourcesplane and the peotnetry and disc-seale parametars of the dises
are mepsured, This is achieved by fitting cllipses (o on isephote of
the galaxy image using 3 modified version of the Us, GAUSS20FT
roring which fits an exponential profile (o the twosditmensional Hein
distribution. From this, the ellipticity, the inclination and luminosi-
thes and the dise seslelengths wre obtained (see twbles 2 and 3 in
Swinbank ¢ al, 2006), The tatter are also reported below in Thble |,

2.3 One-dimensional RCs

In Fig, b, we show the ong-dimensional RCs of the galaxies in our
sitniple. These are extracted by samphing the velocity field along the
major-uxis cross-sectton, The zero-point in the velocity is defined
using the ceptre of the galaxy in the reconstrusted suuree-plang
image, The error bars for the vedocitics are derived From the formal
Jer uncertainty in the veloeity arising from Gavssian profile fits Lo the
{0 u] enission in cach averaged pixel of the data cube, For the mass-
modelling anafysis, we folded the RCs on the kinematical centre 1o
ensure that any small-scale kinematicon! sebsiructurs is removed,

I MODELLING ANIY RESULTS

The RCs of local spiral palaxies imply the presence of as invisible
mass compopent, it addition 1w the stellar and gaseous dises. The
paracigm is tha the cireular veloeity Reld can be characterized by

Vi Vo4 Vb Yy (5

whare the subseripts denote the stellar dise, dark halo and gaseous
dise, respectively, From the photometry, we maodel the stellar com-
ponent with a Freeman surface density {Fresman 1970%

M
Ep(R) = 5oy &0, 2)

= B

as the ‘size’ of the stellar disc, whose contribution to the circulay
velocity is

N I GM, -
VE() = e B2 Ky = 1K), 3
I
where v = R/Ry = R.20ER) and £, and K, are the modificd
Besxel functions computed at [ox, bs small spirals, the Hi dise is
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tines, whilsl the model circular veloeity is showt with the solid line.

an importatt baryonie component only (or & = 38, that iz, ontside
the region considered here. W is plausible that in similar objects afso
al high redshifis, ingiede 3Rp, the O gas contributes to the gravitating
buryonic mass by a very small amount, residing ar avper radil and
it slowly infalls torming the stellar dise,

For the DM component, we take & spherical halo for which
VE(R) = GMy(= R)/R. Following the ohservationa] scenario con-
strueted in the toral Universe (Porsic & Salucet 1988; Salueel &
Burkert 20000, we assume that it has the Boerkert (1993) density
profile (see also Satucei ot at 2007):

mrg
(R + ) (R +72)

where ry 15 the core radius and pp is the effective core density, [t
follows that

plR) = e

2
My Ry =k []n (] + R) nnnnn tan™' (-‘E) -}-l In (! + R—Z)]c:‘i)
Hy a7} 2 iy

with k = 6.4 s and of vourse VE(R) = GMu(R)/&. We note thit
the adopted velocity profile is a guite general: it allows a distribution
with #core of size ro, converges (o the Navirro-Frenk-White (NFW)
profide at large distances and, for snitable vadtes of ry, can also tintic
the NFW or an isothermal profile, over the limited region of galasy
which 1% mapped by the RCs.

The mass model has three Free parmetors: the dise mass Mp,
the core radius v, and the central core density pp. The observie
tions extend owt to approximately (2-3)Rp, bave 10-60 indepen-
dent measurements with an observational ermor of 3-10 per cent tn
their amplitele, and of .05-0.2 in their slopes d Jog V/d tog R, The
error in the estimate of the disc inclination angles is nepligible with
respact to the above, These errors are (undersiandably) higher that
those associated with the best-quality Iocal RCs and make it diffi-
cult to ronstrnin the hako density profile p(R), Howaever, they are
sutficiently small to yield a reliable value lor the halo mass, the av-

crage density inside & reference radios | which we chiose to be Ry

reasonable estimate of the “core radiug’

By reproducing the observed ROy with the models given by equa-
uons {15), we derive the best-Auing parametecs for each gataxy
and overlay the resuling mass mode! on w0 each BC in Fig, 1. In
Table 1, we report the main structiral parameters: the disc mass, the
hale core rading, pg, (e optical radivs Ry it vy w V(R b,
is, the halo contribution to circular velooity s the opticad radivs.

In oll vur RCs, the amplitde and the profife of the swellar dise
comtmbution cannot reproduce the observed RO mise betwesn 158
and the lust measured radivg. This strongly suggests evidence for
the presence, at 2 = [, of 8 DM component of mass comparable
L that found for local dise galaxies with similor Vi, (see Ags 2, 8
and 9 of Persic o ab, 1996), We derive dise masses ranging botween
P 10% and 2 s 50" Mg, for galaxies with the roference velocity
Vi Detween 100 and 200 kms~!. These disc masses are smaller
by a factor of 2—4 1than those of the local spirals with the same
referenee velocilty which sre shown o follow Inner Baryon om-
inance (see Salvcel & Peorsic 1999, The high-redshilt stellar dises
are submaximal discs. Porcing a maximal disc even in e “weak’
maplementation of Peesic & Saducer (199) leads w umaceeptable
fi1s oof our high-z RCs.

The besi-fitting vialues for xy are of the order of ~ 1,38, which
is larger than vsnaly compatibie with an NFW profile, although the
errar bars on cur daw preclude any strong statement.

Since the gravitational fens model affecis the source-plane re-
eonatruction of the galaxies, we must st for the effect that this
hay on the resulting RCs, We reconstruct the galaxies using the
family of lens modals that inhabit the Ax? comour corresponding
0 i confidence interval relevant to each cluster. For example, the
medel of RGB 1745 hag five free parameters, and the lens modelling
unecriaintics are therelore derived by considering models within
the Ay? = 5.89 contour. From each reconstruction, we extract the
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Figore 2. Left-hanet panck: dise mass (in sobu nits) versus reference velocily {in kms™!) compored with the 7 = U relation (sulid line} and with (his sealed
down by 0.6 dex {(Jashed lned, Middle panel aventge M deasity (in g om ™) versus reference velocity compared with 1he 2 =0 refation (solid line). Right-hand
pancl: dise angubay mansninm pec nolt mass 7 (in km s~ kpe units) versus disc mass compared with the 7 = U retatiun (solid line). The uncertainties on the

local refutions are: 015 dex in f, 0.2 dex in log My, ad 0.3 dex in log {p).
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Figure 3. Left-hand panel: mass-to-tight ratio versus dise mass for the galaades iy owr simphe comgmmed with the 1ocat dise galaxies from Shankaor et al. (2006)
(solid Hne). The average offsel corresponds ke an excess in hmninegity by o fctor of 4, Right-hand pasek magsto-tpht satio versis cobour relations for our
samiple, The square box denotes the predicted colours from a Bruzuad & Charlot single stellar population (see the text for derils),

one-dimensional RC and apply the analysis outlined above and find
that thee maximum varistions are: Alog Mp = 0.03, Alog = p > =
0.02, Alog{ Ve } T Skime~ !, Thus, the uncertainties in the gravila-
tional lens modelling are negligible compared w the uncertaingies
in the RC mass modelling.

A cosmological significunee of ourreseit is evident in Fig, 2 where
we: compare the disc mass, the mean 3M density within the optical
radius and the angular momentai per uait mass, afll a% o loetdon
ol the reference velocity, These are compared to similar propertics
of the local objects (Shankar et al, 2006), Fig. 2 sirikingly shows
thut high-redshifl spirads, modubo an offset of (16401, dex, are on
the same log My versus log Vi, relationship Tound lor focal spieals
ariging trom the systematic structural propeties of their mass distri-
bution (Tonini et al. 2006}, see also (3nlucei, Fronk & Persic 1993),

Int Figr. 2, from the values of (o), 2 quantity that differendy from gy
i wenkly aflected by the RC 1o fitting uncertainties, it is apparent
that the DM haloes of 2 = 1 disc gakaxies are denser by 077801 dex
than those around similarly luminous 7 = 0 spirals. The evidenee
thart sprical discs o1 7 2= O snd | have the same stuctural relationships
is [urther supported hy observations of the cvolution of the Tully-.
Fisher (TE) refation (which correlates the dise mass with Vo). In
our and in other independent samples (Vogt et ul. 1996; Bumfornd
ot al. 2005, Swinbank et ol. 2006), the gataxies at 7 = 1 show a TF
relation with a slope similar i that of the local TF relation. but with
an oftset compatible with that found in this work from the dige mass
versus rotation veloeity relationship, This soggests that from z ==
1 to 0, the stelar disc mass My of a spivet bas grown by a fewr
af ~4‘fj,_',, that leads 10 just 2 modest inepease in the DM-dominalcd
guantity V.

Further evidence that 7 = 1 dise galaxies are refated to present-day
spirals is provided by the relationship between angdlar monentum
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per unit mass () versus the reference velooily, ax shown n Fig. 2.
This well theoretically motwvated relation (e.g. Tomini ec of, 20006)
can be constdered as the imprint of the process of the formation
of discs imside 1M balocs related to the cosmological properties
of hale spin parsmeters, As Fig, 2 shows, there appeats to be no
evolation in this cracial relationship between the the cosmologienl
time at which we observe these spirals, z = 1,1 = 6 Gyr snd the
present lme, £ = 0, = 13,7 Gyr, This agreement is remackable: it
estublishes a link between local and high-redshift discs, sopponting
the idea that the angular momentun remains constant during the
evolution of a disc system from high vedshifts w the presend day.

The kinematici) estirme of e dise mass allows us o derbve the
miass-to-light ratios {or our dise systemis ss a function of luminosity
and colour, In Fig. 3, we compare the dise mass and colour as a
function of the mass-to-Jight ratio compared to the relation in local
spitals {Shankat et al. 2000). In order w0 compure directly with
lowal relations, we consider o simple passive evolmtion model for the
luminesity evolistion, For a single stellar population, the zero-poist
of the focal relation is decrensed by a factor of log £13.7/6) which
accounts for the passive evolution of o single stellie popalation from
5= Do 0. As Fig. 3 shows, the mass-to-lght ratios as n function of
the galuxy (Ff - VY colowr ere in brogd sgreement with predictions of
asingle stellar popukmion which is 1 Gyr old (Bruzaal & Charlot
2003), although clearly photometry at other wavelenpths (such as
rest-frame & band) would allow a more detled decomposition of
the srellar populations in these gafaxies.

31 Cosmaological imphications

Fig. 2 shows that at a radius corresponding to Vo, the high-redshift
galaxies wre significantly denser than comparably luminous logal
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dise galaxies: the svernge offset iy showt 0.0 dex in log ({p)), Al-
though we cannot exclude the fact that dyramical processes oceur
hetween £ = | and 0 10 reduce the DM density in the luteinous
tepions, this offset is naturally explained if the haloes embedding
these dise galoxies formed at earlier times than the haloes around
similarly massive z = O spirals, In this framework, we estimate the
ritio between the viriatization redshift of the local palaxies and and
tha of the galaxics in oo swmple. Sinee py o Mz O - 207, where
a1y und z, are the average density snd redshift ot viriahzation and
&y is known, for 2o = 1,2y = 1.7, which corresponds to r, = 6 Gyr.

Assuming that owr sample is a Lair representation of dise galaxies
w5~ 1 nod thint these are approximaiely coeval, from the com-
parison of their structural properties with those of 2 = 0 spirals,
the following simple picture emerges: o present-day spirat, with o
given circular velocity, hatf-FHght radius and the angular momentem
per unil moss, @ redshift | had similar valugs for these quanti-
tigs, but o smakler stellar mass; (Ml d/Malin)) = 0.3, This ine
dueces a scale for the average star formation rate (SFR) in the past
8 Gyt ~0.75Multn) o = ) ~ | Mu(tg)/(10" M) My yr= "
With these dises having an average age of | Gyratz = 1, we can
also derive an “early-times' average SFR ~0.25 Mo (h)/(1 Gyr) ~
3 Multod/O0" M) Me yr~! wihich poims towards a declining
SFR history.

The murked ingrease in the luminosity per unit steliar mass in
objects ab high redshifts with respect o their local counterparts has
the simplest explanation in a passive evolution of the sarforming
discs, Qbviously, this simple picture requires us to assume that the
high-redshifl systems are the dineet counterparts of similar rotanon
speed spirals at low redshils,

4 DISCUSSION AND CONCLUSIONS

In this siudy, we have mvestigated the detatbed properties of four
dise guluxies at z = | These galaxies were observed at o high
spatial resolution, thanks w the boost in angular size provided by
gravitational lensing by Toreground massive pataxy clusters and als
fow a much more detailed comparison with kocal popuiations than
usnally possible for galaxies al these early thmes. Modelling the
oni-dimensional RCs with those of Persic of af. (1996), we derive
hest-fitting parameters for the total dypamical mass, the core radius,
the elfective core density and the angular momentum per unit mass.

The best-fting madel RCs w the data show s the amplitede
and profile of the stellar dise components cannot pnambiguously re-
prodice the nse in the RO withouta DM component, Comparing the
average DM density inside the optical radiug, we fimd that the dise
gafaxics al £ = | have [orger densities by up o a factor of +7) thas
similar dise galaxies in the locel Universe, Tn comparison, we find
tha the angulsr momentum per unil mass versus reference velogity
is well matched to the loeal relation suggesting that the angular mo-
mentum of the disc remaing constant between high redshifis and the
present day. Though stutistcally linted, hese observations point Lo-
wirds 4 spiraks” formation scenario in which stekbar dises are stowly
grown by the accretion of anguiar momentum congerving material,
Our result i also consiatent with the theoretical evolution of the
sgogudar mamentum of discy from semi-analytic models from 7 =
i w 0 which show the modest offset of & § < 0.2kpekms™? for

objects with circular velocities between 50 and 300 km s~! (Cole
ut al. 2000; Bower et al. 2006). These results provide an evolution-
ary link hetween the dise systems we observe st p redshift z ~ | and
the present-day population of spirals.

While these results are based o data of only four objects, they
nevertheless show the power which grovitational [ensing can have
on studying the intemal propertics of high-redshifr galaxies, In par-
ticular, these observations should be viewed as pathfinder scienee
which will soon be romine with Adaptive Optics Integral Field Unic
observations on 8- and 10-m felesoopes (e.g. Gearel el al. 2006),
Moreover, by combining these results with upcoming telescopes and
instruments (e.g. ALMA) which will be sensitive enough to map the
H i contemt of galaxies o 7 2o 1, the exact relation beiwesn gas, stars
andd DM can be probed in moch more dewil,
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