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Outline

» Metallicity relations

* The “redshift desert”

* Measuring metallicity

» Metallicity-Luminosity relation

e Masses & star formation rates of
galaxies

* Paper adopts quantities:
Hy=70kms'Mpc', Q =0.3,Q,=0.7
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Meta”icitg ( _orrelations

* Locally, Hil regions display relation between
oxygen abundances and optical luminosity

— More luminous = more metals
» Galaxies at 0.6 <z < 0.8 are 1-3 mag more

luminous than local galaxies of same
metallicity (Kobulnick et al. 2003)

— Faintest galaxies are most evolved

» Galaxies at 0.47 <z < 0.92 have similar
metallicities as those in local universe (Lilly et
al. 2003)
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Meta”icitg ( _orrelations

» HIl regions in 6 galaxies at z > 2.5 have

(O/H) ~ 0.1-1.0(O/H),, but are 2-4 times
as luminous

» Limited data of galaxies between z =
1.4&z2=2.5

— “Redshift desert”
— Critical epoch of heavy element formation?
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Anatom}j of a Sample

* Objects analyzed from Steidel’'s 2004 survey

— Selected star-forming galaxies at z ~ 2 from U -G
vs. G-= plot

* Q1623 field of survey contains 167 galaxies
atz >14

— 121 detected in K.-band

— Forz > 1.9, K.-band contains Ha and [Nil]
emission lines and corresponds to rest frame -

band
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Q170048418 Field, K < £25.5

Steidel et al. ApJ 2004, 604, 534
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Anatom}j of a Sample

» Selected galaxies that in rest-frame
would be optically bright (K. < 20)

— 9 galaxies fit criteria and were selected (8
successfully imaged)

— 8 of 9 galaxies are “BX" objects
— The last is an "MD" object
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Determining Meta”icitg

* R,; method most common
— Find ratio ([ON]+[OM])/HS

— Needs an independent ratio to determine
whether a galaxy is metal-rich or metal-
poor

» Atz ~ 2, [NII] lines are in optical region

— Use ratio of [NII]16584/H« (Pettini & Pagel
2004)

— Relate nitrogen abundances to oxygen
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29 BX 341
3 BX 3441
3 BX453
3-BX 513

M RIR

AWacuum heliocentric reds
EVacuum heliocentric re

98X 344 was observed with :
#The Ho emission in BX
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Results

* Took spectra of 8 galaxies with
NIRSPEC

* One galaxy tossed out due to OH
contamination (BX 513)

* Detected He, [NIl] emission, and [SII]
emission

« 5 of 7 galaxies have o> 114 km s
— 114 km s'isz~2 avg. (Erp et al. 2004)
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Results

* Mean He flux:
(1.34 £ 0.50) x 10-1% ergs cm-

e Star formation rate: 47 £ 15 M, yr

* Values are 3 times greater than
measured in Erp et al. (2003)

* Horemission accounts for ~15% of K-
band flux
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Results

 [NIl}/He ratios measured from spectra
— Mean value: 0.27

— Data from Erp et al. 2003 yields mean of
0.10

* Given spectra S/N, all but one have
ratios higher than minimum detectable
(BX 528 measured [NIl]/Ha = 0.19)

* Two galaxies had resolvable Ha profiles
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Oxggen AbunAance

» Define: N2 = log([N11]16584/H )

 Two N2 to (O/H) relationships

12 + log(O/H) = 8.90 + 0.57N2
* From Pettini & Pagel 2004
» Results within 0.18 dex (68% confidence)

12 + log(O/H) = 9.12 + 0.73N2

* From Denicolo et al. 2002

* For comparison:
— Solar abundance: 12 + log(O/H) = 8.66 £ 0.05
— Orion Nebula: 12 + log(O/H) = 8.64 + 0.06
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TAELE 2
Hex anxo [N 0] MEssUmeseaNTs AND THE ABNDANCE oF OXyoEs
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L& £ 0.4
34404
6.2 + 0.8
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L5 £ 0.5
4.7 £ 0.6
15407

017 = 0,04
017 + 002
0.36 + 0,05
030 + 0.02
< (L 30
019 = 0.07
0.3 + 0,03
043 + 0.0%°

847 £0.19
47 +0.18
165 £ 0.18
860 £ 0.18
S
249 £ 0.20
257 £0.18
169 £0.18

R56 £ 0.2
R5T +0.20
K80 + 0.20
74 £ 0.20
<873
Rald 0.3
869 + 0.20
R85 +0.20

* Vacoum helioceninic redshift of Ha emiaion

® Her velocity dispersion obtsined by fitting 2 Gamsisn profile o the He lne snd deconvolving the effect of hatromental resolution.

® Line flux snd random emor in unii of 107" erga™ em ™. While the systematic flux uncerisinties sre ~25%, the uncertsinty in the [N o) Hea fux-ratio is
determined by the random errors in both line foxes.

¢ Omygen abundance deduced from the relationship presented in Pettind & Pagel (2004). For comparison, the mosl recent estimate of the solar shundance
is 12 + log (O/H); = 8.66 £ 0.05, and that of the Orion Nebula is 12 + log (0/H)gem = 864 £ 006 (Allende Pristo et al 2002; Asplund et al. 2M; Estehan
etal 1998).

® Oaypen shundsnce dedoced from the relationship presented in Dendcold et &, (2002

* The Her and [M 1] line fluxes presented are integrals under Gaossian fits o the lines, whose central wavelengihs and FWHM are determinad by the perameten
of the Her line, Forall objects except BX 453, the luxes obtained from the fits to the lines agree with the nonparameiric integrals onder the spectra, well within the
uncertainties. However, in the cae of BX 453, the [N o] flux oktzined from the fit & 30% lower than that obisined by inkegrating nonparameirically under the
apaciiom, 25 & fesult of the lager apperent PWHM of the [N o] ne than the He line.

E The Ha emision from BX 513 falk direcily on top of a deyline, preventing & measimement of o,

* The Hex line flux lsted for BX 853 represenis the sum of the two components integrated over the entire exiended region of Hex emisasion. The [N o] line flux
and [N n}Ha ratio comespond o the more significantly detected, higher redshilt component and oaly inclode flux from the spatial extent common o both
Lransitions.
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Oxggen AbunAance

» Relationship adopted between [NII] and (O/H)
IS linear, but [NII] saturates at (O/H) = (O/H),
and turns over beyond

— Supersolar abundances?

* [NII}/He could be high, due to ignoring diffuse
lonized gas contributions

 Excitation from AGN?

— Ly emission not there
— Other emission lines not there (Si Iv, Cilv, & N V)
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Meta”icitg~Luminosit3 Relation

* Nearby galaxies exhibit increasing luminosity
with increasing metallicity

— Seen over factor of 100 in (O/H) and 11 mag in Mg

» Galaxies at z > 2 can have Mg calculated
from best-fit model SEDs

* Lyman-break galaxies (LBGs) at z ~ 3 are
overluminous

« Similar result seen for z ~ 2 galaxies in
sample
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Fiz. 4.— The Metallicity-Lumincsity relaticnship. Data for local spiral (Black squares] and irregular (black crosses ) galaxies are taken
from Garnett (2002), and display the wall-studied strong correlstion between {(2/H) abundance and absclute B lumincsity. The dashed
line indicates a least-squares fit to the local data, while the dot-dashed line indicates solar (O /H) abundance. K < 20,0 TW-zslected z ~ 2
objects (red triangles) are over-luminous for their (O/H) abundances, derived using the N2 calibration of Pettini & Pagsl (2004}, but lie
closer to the relationship than = ~ 2 LEGs (blus shaded region). The majority of the 2 ~ 2 data points represent lower limits in (O /H),
gines the mesaured N2 values lis in a regims where this lins ratic becomes inssnsitive to incraaszsing matallicity,
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Whg Overluminous’?

» Two different methods of calculating
metallicity were used (R,; & N2)
— Possible that N2-derived (O/H) too low and that
real values are same as local universe

* Metallicities are likely to only grow toward
present day

* Meier et al. (2004) proposes that (O/H) will
increase and Mg will decrease toward
present-day

— However, future star formation rates cannot be

accurately predicted
21 October 2005 M. V. Lesniak
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Whg Overluminous’?

* Need to expand sample-size to beyond K, <

20.0
* Current sample has:
— <M_,> =-23.29

opt

— <[NIl}/He> = 0.27
— <12 + log(O/H)> = 8.58
 Erb et al. sample has:
— <My = -22.16
— <[NIl}/He> = 0.10

— <12 + log(O/H)> = 8.33
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Ste”ar Masses & Ages

Adopt Salpeter IMF
Consider star-formation rates (SFRs) of form:
— SFR(t) o exp(-t/7)

« 5 of 7 galaxies appear to have formed >10""
M, of stars

 72>200 Myr required for models to fit
— Significant fraction of Hubble time at z ~ 2

* Only models “casually” allowed by age of
universe considered
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TapLE 3. STAR-FORMATION BATE=2 AND STELLAR PoPurLAaTionNn PARAMETEERS

Uneorrected  Uneorrectad hcdal
SFR e SFHRery SFR® Age®  Marar®
Galaxy THa  Lpa®  (Moyr—l) (Moyr=1 (Moyr=ly E(B-VIT (Gyr) (101Af)

Q1623-BX 274 : 34 28 75
2 1623-MDaa : 51 10 L
QI623-EX 344 . 62 = 49
2 1623-BX 453 . 39 16 174
1623-BX 528 : 24 18 4
1623-EX 5009 : & 22 49
2 1623-BX 663 . L 12 33

Wacumum heliceentric redshift of Hoa emission.

P Ha lumincsity in units of 1092 arg a—?!,

“SFR ealeulated from Loy, using the conversion of Kennicatt { 1998,

9SFR ecaleulated from Ligon, probed by the & spparent magnitude and using the conversion of Kennieuts {1908},

“SFR ealculatad by fitting a Bruzuaal & Charlot (2003} 7 = 1 Gyr model reddensd by dust extinetion to the U GRK g colors of the
galaxisa. The best-fit value of E(B — V') allows for the caleulation of the dust-eorrectad value of the star-formation rate, listed here.

'The best-fit value of E{ B — V'), assuming a Calzetti et al. {3000} dust-attenuation law as a hunetion of wavelength.

EThe best-fit value of stallar population age associatad with the ewrrent episode of star formation, sssuming an exponentially declining
star-formation history with & = 1 Gyr.

BEqrmed stallar mass computed by integrating the best-fit exponentially-declining SFR between ¢ = 0 and the best-fit age.
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G1623—BXZ274
E(B—V)=0.12
age=1.3 Gyr

Q1823—BX5ZH
E{B—V)=0.11
age=1.7 GyTr

Q1623 —MD&6
R{B—V)=0.23
age=0.8 Gyr

Ql6=23—BX588
E{B—V)=0.10
age=1.3 Gyr

1823—-BX344
E{B—-¥)=0.20
age=1.6 Gyr

Q1823-BXG683 _
E(B—V)=0.13
age=4.0 Gyr

Q1623 -BX453
E(B—V)=0.27
age=0.4 Gyr

2

0.5 1 1.4 2
Observed Wavelength {zm)

=.D

3.5 1 1.8 2
Obzerved Wevelength [(wam)

M. V. Lesniak

Le

<4

B

2

24

<6

i

ad

<26

2.0




Evolution between z~ 3 &
Zz~ 27

 Take a sample of z ~ 3 galaxies (Shapley et
al. 2001) and evolve themtoz ~ 2

— 7=1Gyr
— E(B-V) doesn’t change

* Recalculate =, K, magnitudes and U -G, G-=
colors

* Find that 15% of the z ~ 3 galaxies are

possible progenitors of z ~ 2 galaxies in this
sample
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Stellar Mass [ stimates

« Start with [NIl]/Hea derived total masses
— <M_,>=(1.4+0.5)x 10" M,

» Since the sample galaxies are among all
other z ~ 2 galaxies on color plots, this mass
IS probably good for all K, < 20.0, z ~ 2
systems

* Now estimate the number of bright galaxies

without assigned redshifts that will lie in the
redshift desert based on = magnitude
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Stellar Mass [ stimates

» Start with 2004 sample of 956 BX objects with
known z and =

» Bin BX galaxies by = magnitude and obtain

fraction of galaxies in each bin that are in
range of z (between 2.0 and 2.7)

* Bin systems with unknown z and K, < 20 in
Q1623 survey by = magnitude

* Multiply each Q1623 bin by its corresponding
BX fraction
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TABLE 4
Fracmiow or 2.0 < = < 2.7 BX Ormers vemaig B Maosmuos

R Maginde Range Fraction of BX Objects with 20 < =< 2T ({1623 BX Objects w rIJL K, < 20,0 and Mo =
) @)

T '. A N | 51
b R < 2400 .. 145730
oo 285 IRe556

Al
4.0

* These statistics are hased on the entire sample of 956 spectroscopically dentified BX objects.
® Wense R = 21.7 & a cowfl since all grectroscopically confirmad BX oljecs #t brighter magnitudes are stars and QS0s.

Result: 11 additional galaxies with 2.0 <z < 2.7
and K, < 20
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Densitg atz~ 2

 Number density of 2.0 <z < 2.7 UV-selected
objects with K, <20.0 in Q1623 is
n=1.7x 104 Mpc3
* The mass density then is
p=n<Mg,>=(2.5+£0.9)x 10" M, Mpc-3
* These galaxies represent ~10% of all BX
objects at z ~ 2 so this is lower limit on
density
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KZO Project

Spectroscopic survey of ~500 K, < 20.0
systems; 9 confirmedtobe at1.7<z2<2.25

SFR ~ 100-500 M, yr’
Star formation ages of 0.25-1.7 Gyr
Stellar masses of (0.3-5.5) x 101" M,

4 are similar to this sample and have
— E(B-V)=0.3
— Star formation ages of 0.7-1.7 Gyr
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KZO Project

» Space density of 1.7 <z < 2.25 K20 systems:
n=1.6 x 10+ Mpc-3

o Stellar mass distributions are similar to
Q1623 field
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GDDS Survey

« Sample contains galaxies at 1.6 <z <2.0
* Adopting IMF that turns over below 0.5 M
(Baldry & Glazebrook 2003)
— Masses of 6.3 x 1010 M
— Mass density: p= (1.7 £0.6) x 10’ M, Mpc™
 To compare to this paper (Salpeter IMF),
factor of 1.82 needed

— After correction above values mirror results found
In this paper
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GDDS SUEVC]:;? — 55/\27_8

» Field was observed in U G filter set

» 3 confirmed galaxies at 1.6 <z < 2.0, four
maybe at2.0<z<2.2

* Most of these objects meet criteria for
selection in this paper
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Dgnamical Masses

» Use Ha to obtain velocity dispersion

» Half-light radius determined from HST
Images: r,, = 0.2-0.3 arcsec

» Assume spherical geometry
* Dynamical masses found via
— Myyn = 50714,,/G

* These masses then compared to stellar
masses calculated earlier
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TaBLE 5. CoOMPARISON OF DYNAMICAL AND STELLAR MMassEs
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hass of best-fit model, assuming T = 7,,,,-. Values with and without parentheses have the same meaning as defined in note i
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Mass Discrepancies

 |f Salpeter IMF assumed, stellar mass
exceeds dynamical mass in all cases

— Extend radius beyond r,,, for My,,?

» Spherical symmetry probably not correct, one
axis unequal to others requires correction

* Disklike shape introduces inclination effects
» Glazebrook IMF could be more appropriate
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Loosc—: ends

» Decrease uncertainty in metallicity using
O3NZ2 indicator, a ratio of ratios

— H-band spectra needed for this

* To help discriminate the star formation
models, ground-based J- and H-band
and Spitzer observations could be used

» Higher confidence mass density values
need wider range in luminosity
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Summarg

7/ UV-selected z ~2 galaxies with K, = 20.0
observed and analyzed

* High [NIl}/He« ratios found that yield solar
and/or supersolar metallicities

» (Galaxies are all overluminous for their
metallicity, similar to z ~ 3 LBGs

» (Galaxies have been forming stars over long
timescales, contain 210"" M, and still have
active star formation

21 October 2005 M. V. Lesniak 41




Summarg

* Results are roughly similar to two other
surveys with overlapping redshifts

* Dynamically determined masses
systematically lower than SED derived stellar

MasSSEeS
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