30 years of hi-res spectroscopy:
from CASPEC to CODEX

(an IGM personal perspective)

Stefano Cristiani
INAF-Trieste Observatory
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3C191 — QSO absorption lines detected! (Burbidge et al. 1966)

——— 0106

o — 5H88¢€

SURIRLTE i

H Ht NIIN N!H

o
-
Q.
o
-
Q.
®
-

E6EL Al IS
OvCZl A N—0_
(wa)®-A)——

('qu)v-ﬁf—_

ELLIVIS ———3

EOVIAIS~__S70
CEELIE D=

6VGLAI 3"——

Q0ZL I11!S
voLLI1!S

due to gas emitted by the QSO itself or originated by intervening material?

1969: Bahcall & Spitzer: most absorption systems with metals produced by
the halos of normal galaxies



The Lyman Forest: 4C 05.34 (Lynds, 1971)
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Fic. 1.- \ p«:cl ogram illustrating the erous ab =nr;nliun es in 4C 05.34. The strong emission line in the center is Le. The O vi emission lines and severa
xglvnc:t are also indicated. The o"z;rsm spectru Ho-,\r%?\'u

One of the first QSOs with z > 2.5. The region bluewards of the
Lyman-emission accessible to ground observations.

A “forest” of absorption lines, much more numerous than in the
region longward the Lyman- emission.

— intervening Lyman-a absorbers.

the sheer number of Lyman- forest lines strongly supported the
Idea that galactic and intergalactic gas, and not only material
Intrinsic to the QSO, Is the source of most QSO absorption lines.
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Righe di assorbimento negli spettri degi
Oggetti Quasi- Stellari

Absorption lines in the spectra of quasi-stellar objects (=1982)
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e.g. Young, Sargent,
Boksenberg 1982




FuRWY G

» A0S [RIWOUONSY

plaoLg

...or the AAT

YBS 1979

Tmm JU

i W i \ HHH

MMMWWWW

et

T —
PR ooy

554

L gg——

)

wf‘w

- !

R M‘i

PRI o “ f \ ﬁ
WWWW

W |

"‘"‘"t Pt priha ﬂ.\lwwwwmww,\m

L s et R = ¥

e ]

|

E]

wwﬂ

FIG, J.—Spectrum QM , showing three over obeervations i ruyms\scu
cal dashed line at ml mnowmu of wable Qr absorption fines listad in Takis 4 are marked and lal

A.
beled.

MWMWWL wamw MJWM}M b MI\ WW W““MWMM W M.V

iriteasity leved in cach oteervetion is indicated by a horizontal



INTRINSIC EXTRINSIC
-~ I g ™.

¥

METALS NO METALS ?
(~1995 >[C/H]=-3)

Mg IT Ly limit
C TV (log N(HI) > 17)

- Damped
o1 LV (log N(HT) > 20)
CLUSTERING NO CLUSTERING?

(~1995 > yesl)
Galaxies IGM clouds?



In the early 80°s ESO was very much child of a
lesser God with respect to other Observatories with
4-5 m telescopes

e

The 3.6m at la Silla had started operation
in 1978. Main instrumentwasa B & C

spectrograph with the 1D IDS. ur ’?’”8 Eatohn, S,

Other detectors in use at La Silla: S . history
VLT and NTT

- photographic plates,

Some further studies of the Very
Large Telescope were made. In the
i . ) . context of the membership of Italy

- Reticon 1D array, . and Switzerland, the possibility has
arisen to construct a 3.5 m New

- first ESO CCD camera for imaging at S Tcchnology Telescope which would
the Danish 1.5m, have two funct.lons: to mcr.ease.the

amount of available observing time

- Mc Mullan Camera for imaging

atLa Silla and to serve as a test object

for the newer technologies which will
be required in the VLT.

- 1 pixel IR sensors

- as occasional visitor at the 3.6m,

Boksenberg’s IPCS <D'Odorico
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The spectra of the two quasars, representing weighted means of the data summarized in Table

1, are shown in Fig. 1.
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Figure 1. (a, b) Composite spectrum of TOL 1037-271 and of TOL 1038272,
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Table 1. Journal of observations.

Date
231 Dec
24 Dec
25 Dec
24 Dec
26 Dec
27 Dec
28 Dec
7 Jan
7 Jan

B Jan

1083
1983
1983
1584
1984
1584
1984
1985
1985
1885

Late

w

Apr 1986

Date

L

Hay 1885

Date

30 Apr 1984

30 Apr 1984

Z6 Dec 1984

27 Dec 1984

28 Dec 1584

7 Jan 1985

10 Jan 1985

10 Jan 1985

10 Jan 1%85

telescopes and detectors have been used,

of the data.

Telescope

2.2m
2.2m
2.2m
3.6m
3.6m
3.6m
J.6m
2.2m

2.2m

Telescape

3.6m

Telescope

2.im

Telescope
3.6m
J.6m
J.6m
3.6m
3.6m
2.2m

«2m

«2m

[ VR Y]

-im

Absorption spectra of two quasars

TOL 1037-271
Instrument
BLC+CCD RCA
BEC+CCD RCA
BEC+CCD RCA
B&C + RPCS
B&C + RFCS
B&C + RPCS
B&C + RPCS
B&C + RPCS
B&C + RPCS

BEC + RPCS

Exp. time

2 X 45 min

90 min

60 min

2 X 40 min

40 min
40 min
46 min
47 min
43 min

45 min

Galaxy TOL 1037=271

Instrument
EFQsSC

EXp. time

45 min

Galaxy TOL 1038-272

Instrument

B&C + PCD

TOL 1038-272
Instrument
EE&C+CCD RCA
BEC+CCDr RCA
B&C + RPCS
B&C + RPCS
BEC + RPCS
BEC + RPCS
B&C + RPCS
B&C + RPCS

B&C + RPCS

Exp. time
40 min

Exp. time
2 X 60 min
53 min
2 X 40 min
2 X 40 min
2 X 40 min
€4 min
44 min
42 min

43 min

Fange [ﬁ]
3800=5500
3600-5300
4100-5800
3I680-4TBO
3690-4T760
3570-4785
3ETO=4785
4495-6040
4495-6040

4420-6040

Range (;]

A500-7000

Range (&)
3600-8B00

Range (i}
AB00=-4400
IBOO-4400
I690-4760
JETO=4T7B5
IETO=4TBS
4495-6040
4400-6000
4400-6000

4400=6000

61

FlWHM
Res. (&)

5
5

5

FWHM
Res. (A)
1.8
1.8
1.2

creating some difficulties for a homogeneous treatment

The raw data were sky-subtracted and corrected for pixel-to-pixel sensitivity variations by
division by a suitably normalized exposure of the spectrum of an incandescent source.
Wavelength calibration was carried out by comparnison with exposures of a He—Ar lamp. Relative
flux calibration was finally achieved by observations of standard stars listed by Oke (1974) and
Stone (1977).

The reduction process used the standard IHAP facilities (Middelburg & Crane 1979) available
at ESO La Silla and in the ESO computer centre at La Serena, and the MIDAS environment of
the VAX 11/750 at La Silla,

@ Royal Astronomical Society * Provided by the NASA Astrophysics Data System



+E§+ CASPEC + CCD commrssronrng 1983

+

>first ESO desrgned spectrograph for the 3 6m
telescope. Echelle format, suited for 2D detectors
» based on excellent French optical design.
»(problems with the SEC Vidicon detector)
proposal to use RCA 512x320 pix CCD system
with fast optical camera for first light at telescope.
» Configuration well matched to the relatively poor
seeing of 3.6m. Competitive for faint work at
20000 resolution, with 90nm spectral coverage
»very smooth and successful implementation
» limited on the faint limit by the CCD r.o.n.

» Providing an unique capability to European
astronomers for steIIar and extragalactrc Work

[nstrumentation
ESO Annual Report 1983

The Cassegrain Echelle Spectro-
graph CASPEC was installed at the i
3.6 m telescope with for the moment [
a CCD detector. A photon counting [

system with microchannel plate and .
‘multianode read-out has been or- UGN AYCYCEVEIENET [T

LRI EEenaad  regular operation on the instrument.
A  CASPEC was operated with CCDs till

that the instrument fully lives up to [l !
expectations. Spectra have been ob- ISRESUEEINEIalNpg[el(* than 10 years
tained with a resolution of 20,000 later.

and a signal-to-noise ratio of 50 of
stars of V magnitude 13.5 in 1 hour.

Courtesy S.D’Odorico
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Figure 1: The spectrum of Q0000-26 obtained using CASPEC on the ESO 3.6-m telescope.
The dense Lya forest, extending right up to the Lya emission line at 6230 A is clearly evident.
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OBSERVATIONS OF Q50= AND RELATED QBJECTZ WITH EFQSC, THE E30 FAINT

OBJECT SPECTROGHAFH AND CAMEEA 1986 IAUS 119 57

R S Lo
S« D'0dorico , S. Cristiani , R.G. Clowesa® and C.J. Keable®

i European 3Socuthern Observatery, Karl-Schwarzachild-Ztr. 2,
D-2046 Garching bei Minchen, Federal Republic of Germany
* Hoyal Observatory, Blackford Hill, Edinburgh EH9 3HJ, U.K.

BFOSC is a atandard ES0 instrument operating at the Cassegrain focus of
the 3.6 m telescope since April 1st, 1985%. A description of its optieal
design and operating modes is given in Enard and Delabre (1982) and
Dekker and D'Odorico (1985). Briefly, it is a focal reducer with
gpectroscopic capability. The collimator produces a collimated beam with
a diameter of 40 mm which passes through a filter and/or grism. The
£/2.5 camera focusses the beam on the detector which is at present =&
thinned, back-illuminated HCA CCD with 320x512 pixels. The pixzel size is



Astron. Astrophys. 175, L1-L4 (1987) z“\SrRO?]\__;)l\-’IY

Letter to the Editor
To check wether a galaxy closer on the 5. Di
.. . . . sky from Q1209+107 than object #19 is hidden . T
Observation of the Hi galaxy giving origin to the z=0.3930 absorption in the image of the QSO itself, a point  obsery
f tl‘l QSO 1209 + 107 source pr:file,h:eri\hrad fro:bthe :t;rstun the iy
system o e same CCD frame has been subtracte o e
y asar. This procedure shows that there is veloc]
qu s P 3
s Crictiani 112 no other object of egqgual or brighter rest
5. Cristiani magnitude and similar angular size to that of origir
$#19 at a distance larger than 2 arceec from assoc]
EFOSC the guasar. The nature of three objects, possik
$14, $#19 and  #25, was investigated 1
spectroscopically: #14 and 25 turned out to to the
@ L2 be stars. The spectrum of object #19, a Hubk
= integrated over 1.5x2.0 arcsec is shown in spectr
t Direct CCD images were taken in the Gunn 4. Photometry and spectroscopy Fig.2. same I
w R system on April 15 and 16, 1986; with a In Table 1 astrometry and photometry for . . v . - : absory
- seeing of 51 objects contained in a 160x160 arcsec ;-T : T
1.5 and 1.3 arcsec respectively. Dark field around the QSO (shown in Fig.l) are 5 B detect
exposures and flat field exposures taken on given together with a "point-like" or a arcsec
the night sky were used to correct the raw "extended" classification, according to the i-; g Howeve
images. The result is shown in Fig.l. INVENTORY package of MIDAS. s i distri
There are 14 resolved objects, of which e | field,
#19 1is the closest to the QSO, at a distance @ { anothe
“. N | gf1289+107 of 7.1%0.1 arcseconds. 2. Bl i center
" high
4 . & ’ ; Table 1. Photometry of the field of Q1209+107 E cogfir
ID DA DD GR GI GZ ELON PA XFW YFW = LEL I
- . 1 78.2 3.3 22,7 =~ - .06 51.4 2.0 = i
" '  TUE 2 74.2 -1.4 20.6 - - .24 55 2.7 2.1 a- ';'E‘,‘:Eﬂ:
v , ~ “- 3 72.7 =69.1 22.3. - - - =  1d3.°1e9 | 2=0.38
. 4 66.1 -74.8 23.0 -~ - .07 150 1.6 1.6 | o
" e 5 60.7 -31.5 23.4 - = = = 1.3 1.4 i S d WWMM'M-W | the HI
. 6 52.0 43.9 23.1 - - - = 1.4 1.4 = “Ea o . o0 from t
7 51.1 65.2 18.1 =~ - .10 65 1.7 1.6 Wavalength " K;
. 3 B 8 42.9 7.7 21.8 21.4 -~ - = 1.4 1.3 Fig.2: Flux-reduced spectrum of object #19. Burbic
. 1 L . the BI
. ’--zn. k W 9 33.6 45.2 23.2 =~ - - = 1.4 1.5 = —mocmmemmmm e ——_————
10 27.6 -19.0 21.2 21.3 = - - 1.4 1.4 systen
& » 11 27.0 29.4 22.0 - - .04 80 1.6 1.6 the sp
Y5 : . 12 44.1 38.3 32.9. < - - - 1.4 1.5 Several emission lines are detected, all object
’ pe ﬁ ggg 'g;: gig o o % = i; i: unresolved. Their wavelengths, intensities of the
.0 =33, y - - - - 1. " was o
; . . W 1 . 16 ‘207 <49 8 18.417.3:26.7 = ‘= i e1.m and redshifts are listed in Table 2, epectr
at . g }.6, ;gg :23% ggg 3 = %N i; iz Table 2. Emission lines observed in the gﬂ:‘éri
- L > 18 6.9 -28.8 22.7 - - .10 160 1.6 1.6 spectrum of galaxy 19. bty
19 5.1 4.9 21.9 =~ - .17 145 1.5 1.6 a
” - 20 3.8 =41.1 22.3 = - ke B Obs. A(A) Rest.i(A) Ident. Inten. Redshift b
- : 21 1.8 57.4 22.7 - = SO R 5188.0 3727.5 [0I1] 4.2  0.3918
et . , 22 1.7 40.221.121.0 - = = 1.51.5 6043.5  4340.5  Hy 0.6 0.3924 the BL
Ig" & o 23 0.0 0.0 18.1 17.9 17.7 = = 1.5 1.5 6769.0  4861.3 HB 1.5 0.3924 nore
- 24 -1.3 -79.8 22.3 21.4 - - = 1.2 1.5 6903.4  4958.9 [orir; 3.6 0.3521 becaus
X 25 =-5.5 1.3 20.9 19.6 18.9 - - 1.4 1.4 €970.1  5006.8 [oITI] 8.8 0.3521
Fig.1l.: the field of Q1209+107. ccb 26 -8.6 17.7 21.4 21.3 = i - 1.5 1.5 ——mme—————— nebulo
exposures taken in the Gunn R system 27 =16.7 -18.9 22.7 = ¥ o 2 1'4 1'5 0.3922+0003 than t
--------------------------- - 28 -20.1 =-1.2 21.2 21.2 - - - 1.4 1.4 ) luming
. 29 -24.3 54.1 23.0 - - = o= A8 1Td Intensities _are given in units of T
on April 16, spectra of the objects #14, 30 -25.3 =30.1 20.1 20.1 19.4 .19 140 1.8 1.8 10716 erg/s/cm?. The internal errer on Q1208+
#19 and #25 (see Table 1) were taken with the 31 -26.0 =11.6 23.4 =~ - .08 95 1.5 1.8 intensit measurements is 0.2 . 1016 case ©
same instrument at the dispersion of 230 32 -28.1 66.8 19.0 18.4 18.1 =~ - 1.5 1.5 erg/s/cme . two
A/mm, in the wavelength region 3500-7000 A. 33 =-32.3 -51.4 21.3 21.0 = - - 1.3 1.5 e e i lumine
The slit was 1.5 arcsec wide, corresponding 34 -33.0 =-25.7 21.7 21.6 -~ - = 1.5 1.5 within
to a resolution of 15 A. Objects #19 and #25 35 =33.1 31.7 19.9 19.4 19.3 .67 145 2.3 3.5 The measured redshift for the cbject 19 that t
were observed on the same frame, rotating the 36 -37.5 60.6 22.8 -~ - - - 1.6 1.2 is 2=0.392240.0003, equal within two sigmas the c
spectrograph to a position aggle of 252 geql.( 37 -40.7 -62.9 22.0 -~ - - - 1.4 1.6 to the redshift z=0.3930 of the absorption the em
Raw spectra were correcte using ar 38 -41.2 =-1.9 22.7 -~ - - = 1.4 1.6 the a
exposures and flat field images taken with an 39 -44.7 =71.4 22.9 -~ - - = 1.5 1.5 :i:t:"wﬂ;‘:;“ﬁdmgggﬁggng et al. (1982) in e
internal halogen lamp, then wavelength 40 =-45,0 3.6 23.2 =~ - - LS e A e | Eha epact of ob -t 19 is typical of a mod
calibrated, using comparison spectra of 41 -52.7 -19.1 22.1 =~ - - - 1l.4 1.5 P ‘z rum ic jec P ith unless
Helium and Argon lamps, and finally flux 42 -55.4 6.6 22.0 - = .28 165 1.5 1.7 HII ~ galaxies, i.e.,  galaxies  with  Hn.ess
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Fig. 1. Schematic diagram illustrating an over-simplified view of the structure of an
“L*" galaxy as deduced solely from the statistics of the various classes of metal line J B +
absorption systems. Note that the Mg II and Lyman limit selected systems have ' ergeron

the same cross-section, and that the damped Lyman « systems have a cross—section
which is only a few percent of the total.
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The Lyman-forest revolution

High-res, high S/N spectra — clustering, metallicity (Cowie+ 95)
Increasing clustering with increasing NHI (i.e. density contrast)
Cristiani, D’Odorico, Giallongo et al, 1995,1997

Clustering properties of Lyman x clouds 211 T
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fd:i_f_, o ——_ Figure 2. Two-point correlation function in velocity space for lines
L R B T T with column densities = 10"*em . Confidence limits are as in Fig.
0 1000 2000 3000 1. The continuous line shows the model described in Section 4,
av (km s77) equation (4), with y=1.77, =50 km s, r = 180 h;' kpc and

ry=250hy' kpcatz=3,

Figure 1. Two-point correlation function in the velocity space.
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The UV background T ST
- . T I N
via the proximity effect & .| N\ \%
'IN i \ \\\ NN fege=0-10
(MaxLik: Giallongo, SC+ 1996) . \ \\ """"
w-21.5 NN f,,.=0.05
|E -\\\\ _______
F o
N — o0 w(z) = o —22 N
A= 11w (2) A J = \
3_23.5 | . Galaxies ﬂmz 1.0 \.\'\.
Conservation Law ~ Total A=9124&
| L | | 1 | | J | | 1 | | 1 | L | | 1 | | | |
F(N) = g(Noo)dNoso /AN = g(Neo)(1 + w) 1 2 3 : 5
z Bianchi, SC+01
9%n NP1 Nyr < N
= A,(1 (1 1-By HI HI break
8ZC9NHI ( —l—Z) ( +W) { NI}?leise;gf NHI ZNbTeak
Nl 8 Bf log Noo,b ;68 log J
1128  2.494+0.21 1.10£0.07 14.00£0.02 1.80%+0.03 -21.2140.07 J22=5%1
2.65+0.21 1.34+0.07 13.9840.04 1.80+0.03 -21.3240.08 -
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...from Lyman Forest Early Models

Discrete Clouds

 Clouds —Voigt Profiles —Too Low Density & Too
high ionization — No star formation

* No metals, No clustering, too many — unrelated to
galaxies

Pressure confined by a hotter and more tenuous ICM
PROBLEMS

* COBE (1989) limits on hot intra-cloud medium

* Range in NHI- very large

* N(2)

* How did the clouds form??




...to anew Ly Forest paradigm: the cosmic Web

THE RISE OF DM MODELS — minihalos (Rees 86)
Cosmological Hydro simulations

O large number of collapsed DMH too small to form stars and
turn into galaxies

O Warm photoionized IG gas sinks into mini-halos or accretes
onto DM filaments and sheets

O thermal gas pressure prevents further collapse (i.e. no star
formation)

O visible only in absorption



Qn,=0.26Q, =0.74 Q,=0.0463 H =72 km/sec/Mpc - 60 Mpc/h
COSMOS computer — DAMTP (Cambridge)

DM

GAS
STARS NEUTRAL
HYDROGEN
Courtesy

M.Viel



Ly-alpha forest as a tracer of dark matter

neutral hydrogen (HI) is determined by ionization balance between
recombination of e and p and HI ionization from UV photons

Recombination coefficient depends on T(gas) -

Neutral hydrogen traces overall gas distribution, which traces dark
matter on large scales, with additional pressure effects on small
scales

Density and temperature are correlated, modeled as a power law

with slope y and amplitude To _

The astrophysics uncertainties in the model can be parametrized
with y, To and mean flux F (UV background) as a function of z

They all have external constraints; (main problem is mean flux
constraint, which is poorly determined)



GOAL: the primordial dark matter power spectrum
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Cosmological implications: combining the forest data with CMB
Viel, Haehnelt, Springel 2004
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Note that the flux bispectrum analysis agrees with these values
Viel, Matarrese, Heavens, Haehnelt, Kim, Springel, Hernquist, 2004



Cosmological implications: Warm Dark Matter particles

A
v

30 comoving Mpc/h z=3

In general if light gravitinos
m(sterile neutrino) > 28 keV (20) m(WDM) > 4 keV (20c)

Viel + 2008



LP: QSOs and their absorption lines: a legacy survey of the high-z Universe (2012)

100 h (P.I. S.Lopez + Cristiani, Cupani, V.D’Odorico, Viel...)



V.D’Odorico +

X-shooter spectrum: J0818+1722 (z,,= 6.00, J i, = 18.5)
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With the assumptions of homogeneity and isotropy, the
concordance model finds a FRW metric
with a non zero cosmological constant

H?(2) = H7 [(Q + Qoa) (14 2)° + Qi (14 2)* + Q]
Oy, ~0.046 Qpp ~0.227 Q. ~ 0 (flat space

Dynamics has never been measured.

All other experiments, extremely successful such as

High Z SNe search, WMAP, BAOs ecc. measure geometry:
dimming of magnitudes and scattering at the

recombination surface and clustering (growth of structure).




Dynamics: measuring a(t) < H(z)

a(t),

a(t, + 4t)

a(t, + 4t.)

H

0

Z(t, + 4t,) -
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The Signal
IS
SMALL!

ZRs (1 —I—Z)Ho — H(te)

The change In sign is the signature of the non zero

cosmological constant



A small signal ..

But this is for 107 years... Having much less time at our disposal
the shift is much smaller.. Why can we conceive to detect It NOW?
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The HARPS Experience

extra-solar planets
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A simulated measurement

Not observable

from the ground!

30 pairs of Ly«
forest spectra
randomly
distributed in
range

2 < Z6s0 <45
S/N = 2000

At =30 yr

2000+2000 hours



One giant leap
from HARPS (3.6m) ‘espress
& HARPS-N (TNG)? [ S

Need for a prototype

Better... a precursor

ESPRESSO

I3 SP Rocky E

S S O

@ the ESO VLT — one mode @ the incoherently
combined focus of the 4 UTs




ESPRESSO & CODEX
Science

search and characterization of
rocky exoplanets in the
habitable zone of quiet,
nearby G to M-dwarfs.

Radial velocity follow-up of
earth-mass planet candidates
discovered through other
technigues (astrometry,
transits).

Different environments and
formation histories (GCs,
DGs)

Difficulty: “seeing” the planet
through the noise of stellar
activity

o
>
<
»
7]
]
=
=1
2
=1
<
[= "
g
®]
Q

0.001

Period (Years)

X
‘.$ /
«_ SIM(NASA) /
~ 1 year //
1 parcsec/@ 3 pc
/

Kepler (NASA)

/
7 SIM (NASA)
2007-2010

/’ g
~ Syears

1 parcsec @ 3pc

Semi-Major Axis (AU)

10000

Companion Mass (M)




Espresso Science ‘espress
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BN 1 E3

ESPRESSO — Science + espress

v

vInvestigation of metal-poor stars

~Stellar oscillations, asteroseismology

vDiffuse stellar bands in the interstellar medium
4

~Galactic winds and tomography of the IGM
vChemical properties of protogalaxies
vCosmology




The 4 VLT Telescopes and the CCL

Distances to Combined Lab
UT1-69m
UT2-48m
UT3-63m
UT4-63m
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Designed for stability

ARV =1 m/s
AT =0.01 K
Ap=0.01 mBar

ARV =1 m/s
A2=0.00001 A

15 nm
1/1000 pixel




Laser Frequency Comb

1
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4

Measure RV of 61 Vir using 30 wavelength calibration files on one stellar spectrum

Astro-comb: ~ 450 lines per order

Th-Ar: ~ 150 lines per order

1 order -7.73132km/s -7.66583km/s 7.7cm/s 220cm/s
72 orders . -7.69770km/s 0.9/0.8cm/s * 24cm/s




The ESPRESSO Team
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