~ ALMA and its Science Goals
ALMA Status, Timeline, Early Scrence
ALMA Development Plan _
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Atacama Large Millimeter Array

+ At least 50x12m Antennas

+ Frequency range 30-1000
GHz (0.3-10mm)

gie1 & 16km max baseline (<10mas)

+ ALMA Compact Array (4x12m
and 12x7m)

. Detect and map CO and [C Il] in a Milky Way galaxy at z=3 in

less than 24 hours of observation
Map dust emission and gas kinematics in protoplanetary disks

. Provide high fidelity imaging in the (sub)millimeter at 0.1

arcsec resolution

Leonardo Testi: Introduction to ALMA , Bologna 13 Jun 2011




Interferometry in 1 slide

—

Iw (Xa Y) = (P(Xa Y)I(Xa Y) )® Dw (Xa Y)

V =|V|SPY = P(0)I(G ) exp(=2invbh * o / c)dQ

Sorgente

V(u,v) = f: f_+:P(x, I, v) exp(=2im (ux + vy))dxdy

%X, y) = j: +: j: +:S(u, VIW(u, v)V(u, v) exp(=2irmt (ux + vy))dudv
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1.3mm meosaic of eOph main cloud
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+ Physical conditions in individual cores
+ Ofthierénvironiments-(rmolecutar ring, FOG,

=
A 102
P
o
2
2]
3
Q
2
Q0
o
1
5 10
=
0]
o)
g
=]
a
el
0]
3
=1
@
[}
=

The origin of the stellar IMF

Salpeter's IMF

Brown
| Dwarfs

system IMF

|
|
|
\Chabrier (2005
|
|
|

Incomplete
sampling

- —— —1.7 (gaseous clumps)

—--- —2.35 (Salpeter IMI")
- 2.1 (best fit)

t al. 2007)

ee

André

H

(Motte et al. 1998

Testi et al. 2000)

)

d(Testi & Sargent 1998




Structure of protostars

LSyninetc |mages
at Taurus distance

Models

() Model without B
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vpservea rac-A maps
of Taurus sources

L1521—F : PdB=A mop

AS (orcsec)

mu‘y}gean‘

Synthetic image with B

o

o

A5 (orcsec)

2 0 -2
Aa (arcsec)

A\
Ax (arcsec)

Multiplicity, disk vs pseudodisk, role of B
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Disk Evolution

+ There is evidence that disk evolution and planet formation systems may
occur on timescales of a few million years

MWC 480
Young gaseous disk — 6 Myrs
CO(2-1): Mannings et al 1997

HR 4796 A
Evacuated inner disk — 15Myr
MID-IR: Koerner et al. 1998

Offset (arcseconds)

Dec

y) ) -2
RA Offset (arcseconds) Size of Pluto’s Orbit
B Pic
Debris disk — 100 Myrs
Scattered light: Burrows et al. 1995
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Gas denS|ty maxima and graln trapplng

-1dOGHz"" ! -220GH2"'

@
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0.2 0 -0.2 0.2 0 -0.2 0.2 0] -0.2

+ Resolving disk structures with ALMA
(simul from Cossins, Lodato & Testi 2010
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B|rth of Planets

M =M Jup
Mstar = 0'5 IVlsun

Orbiting at 5AU
Distance 50pc

planet —

ALMA 850 GHz

+
Nl

+
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AGB Stars ’
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Complex Organic Molecules

QQ‘Y \Q’
o o
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History of Galaxies
HST | (12 days of integration)

z<1.5 z>1.5
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History of Galaxies
ALMA

Calaxieas =<1.5

+ ALMA will resolve the far infrared background seen
by DIRBE and FIRAS

+
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History of Galaxies

<
Lo

M82 spectrum - 4 x 10"

Flux density (Jy)
IRRTT] R

773;;;% |
” \ 1
108E 1 23 456k 8 910 L«/ z=12 .
1 L Il_lx 1 llll L1 1 L 1 llll Ll | 1 1 ]
10°

10* 10° 10 1
Observed Wavelength {wxm)

+ In the (sub-)millimeter the inverse K-correction
compensates for the distance as z increases

+
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ALMA

History of Galaxies

A
' 1 mm I 100 pm 10 pm
1 ||
M 82
CENTRAL 700 pe
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2+ Z
it >
~
1-0 o
— — Band 10 (787-950 GHz)
= Beo Py i . Band 9 (602-720 GHz) J
h’{ R | e o Band 8 (385-500 GHz)
Shenlpy 7N - — Band 7 (275-370 GHz) |
B o i e Band 6 (211-275 GHz)
le 1 1 1 p) e Band 4 (125-163 GHz) |
1 L 1
100 GHz 1THZ 10 TH; 100 THz I' Binet 3(S-119 CHD)
v 0 Vi L Tr ar l L =1 L L l L L L L l L L L L
0 5 10 15 20
Redshift

+ Measuring redshift (and more) using CO, [CII] or [Ol]

Leonardo Testi: Introduction to ALMA , Bologna 13 Jun 2011
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The Engine of nearby AGNs

N E 1 CO(2-1) ALMA beam
‘ 4 pc

Gas clouds C—

type 2

Several (competing) models:

Geometry Dynamics Structure
large small rotation rotation cont./diff. clumpy
~100 pc =ipe and outflow medium  medium
(observed) (ALMA) (ALMA) (ALMA)

+ ALMA will resolve the molecular gas structure and
dynamics around nearby AGNs

+
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ALMA Science

Star Formation, Proto-planets in nearby disks
Astrochemistry

Interstellar medium (Galaxy, Local Group)
High-redshift deep fields

+ 4+ +

+ +130 projects in first 3yrs — DRSP 2.0
> http://www.eso.org/sci/facilities/alma/science/drsp/

+ ALMA Science is for everyone
+ High resolution/sensitivity 3D instrument at mm-wl|
100% service observing with full dynamic scheduling
« Complete e2e data flow system
« Science quality images (cubes) delivered to the users
- Raw, calibrations, pipeline processed data and recipes in archive
+ Friendly and widespread User Support through ARCs

s
+
Leonardo Testi: Introduction to ALMA , Bologna 13 Jun 2011
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ALMA Science Requirements

H|gh Fldelltylmaglng 3 -
r__ll" aging at 0.1” esol ut on'}"
Routine sub-mdJy ontluum Sensitivity.
Routine mK Spectral Sensitivity.
Wideband Frequency Coverage.

Wide Field Imaglng Mosalcmg
:Submllllmeter Receiver System

Full Polarization Capablllty

System FIeX|b|I|ty

+ * * + 4+ 4+ 0+ * +

Leonardo Testi: Introduction to ALMA , Bologna 13 Jun 2011




Technical Specifications

+ 54 12-m antennas, 12 7-m antennas, at 5000 m site

+ Surface accuracy =25 um, 0.6” reference pointing in 9m/s wind,
2” absolute pointing all-sky.

+ rray coflguratlons between 150m to km

10 bands in 31-950 GHz + 183 GHz WVR))

8 GHzBW uanIrlztlon o

Flux sens O 2 mJy |n 1 m|n at 345 GHz medlan cond
Interferometr _mosaicing & total-ower observm
:,Correlator 4096 channels/IF multi-IF), full Stokes
Data rate: 6MB/s average; eak 60-150 MB/s.
,AII data archlved raw + |maes _ |eI|ne rocessm

¢
|
3

+
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mm Interferometers (u,v) coverage
|

OVRO mm Array,
6 Antennas
L-configuration
single integration

L-Configuration few
hrs of observations

Final coverage: a
few hrs in both the L
and H configurations

IHOZr<DE OrH=

N.B. (u,v) coverage
is not uniform

+]%S*

+

=12}

60
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i S +
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mm Interferometers (u,v) coverage

Very Large Array, S \

27 Antennas, al *"::«;-% «_;::‘\\l\ i

1.5h of observing time! Pt = NN
= N

N.B. (u,v) coverage is still u /,.-ﬂ:'::q'\ N _

not uniform. ) EZEEN V)
//%f',:%&:\ ;));*)) ))) )
. . o )/
Cliltlcal parameters: a_{/ ' ///,/(%’ S :3}}),/))/)// ////_
eLong baselines /( (700N //
eShort baselines “ ( (( (f{({({\x‘?‘«,/’/
eNumber of (u,v) points (({{( NN

(u,v) coverage distribution - \ \“\,g_g,—d_';’/ i
\ =

A e
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+ Current mm interferometers offer typically ~104 visibility measurements

mm Interferometers (u,v) coverage

in several hours, the VLA delivers ~105 visibilities per hour
+ ALMA will improve by almost two orders of magnitude

BH«1g*

B0+

UTMy — 7490000 [m]
g
2

S0t

U0+

Gas Pipeline

1 | 1
3x104

1 1
2.5% 104
UTMx — 600000 [m]

v (10% %)

10

-10

900GHz_50pc_ws_8 at 896.000 GHz in XX 2012 Jun 21
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Chajnantor Plateau - 5000m

Chajnantor - 5000m, 0.25mm pwv
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ALMA Receivers

Receiver noise temperature
ALMA Frequency Range Mixing scheme Receiver
Band 1 3 8 Tg, over 80% of Tk, at any RF - g technology
the RF band frequency

* - between 370 — 373 GHz T, 1s less then 300 K

*Dual, linear polarization channels: +183 GHz water vapour radiometer:
*Increased sensitivity *Used for atmospheric path length correction
*Measurement of 4 Stokes parameters

6 211 -275 GHz 83K 138 K 2SB SIS
E> 7 275 -373 GHz* 147K 221K 2SB SIS
E> 9 602 -720 GHz 175K 263K DSB SIS

* Japanese contribution all telescopes plus ACA
R % EC funded 6 receivers ALMA-Herschel sinergy

Leonardo Testi: Introduction to ALMA , Bologna 13 Jun 2011 25
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ALMA Receivers
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noise temperalure [K]

150
100
50
&~ LGB
~&- Ush
~& ALMAlimi
0 1 i i "
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LO frequency [GHz]

Band 7 ("850um”)

-=—-DSB
~o— ALMA limit

620 640 €80 680
LO fraquency [GHz)

700 720

Band 9 ("450um”)
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ALMA Recelvers

ALMA B3/B4/B5/B7/B8 2SB receivers 4-8 GHz
L 4 4 L4

ALMA B6 2SB receivers 6-10 GHz
L 4 L ¢

ALMA B9 + B10 DSB receivers 4-12 GHz

LSB LTO USB

+ Lower frequencies ALMA receivers are 2SB receivers
(the two sidebands are measured independently)
+ The higher frequency receivers are DSB receivers

s
+
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2.8 Example of FDM & TDM Modes

@ for all 4 polarization products with 2 BBs per

Quadrant

« Not supported for Early Science in Table below:

Do

uble Nyquist and 4-bit correlation (despite higher sensitiviy)

Mode # Number of sub- Total Number of Spectral Velocity resolution | Correlation Sample Factor
channel filters Bandwidth Spectral Points Resolution at 230 GHz
32 2 GHz 2048 976 kHz 1.28 km/s 2-bit x 2-bat Nyquist
16 1 GHz 2048 488 kHz 0.64 km/s 2-bit x 2-bat Nyquist
16 1 GHz 1024 976 kHz 1.28 km/s 2-bit x 2-bat Twice Nyquist
8 500 MHz 2048 244 kHz 0.32 km/s 2-bit x 2-bat Nyquist
8 500 MHz 1024 488 kHz 0.64 km/s 2-bit x 2-bat Twice Nyquist
< 250 MHz 2048 122 kHz 0.16 km/s 2-bit x 2-bat Nyquist
-+ 250 MHz 1024 244 kHz 0.32 km/s 2-bit x 2-bat Twice Nyquist
2 125 MHz 2048 61 kHz 0.08 km/s 2-bit x 2-bat Nyquist
2 125 MHz 1024 122 kHz 0.16 km/s 2-bit x 2-bat Twice Nyquust
2 125 MHz 512 244 kHz 0.32 km/s 4-bit x 4-b1t Nyquist
1 62.5 MHz 2048 30 kHz 0.04 km/s 2-bit x 2-bat Nyquust
1 62.5 MHz 1024 61 kHz 0.08 km/s 2-bit x 2-bat Twice Nyquist
1 62.5 MHz 512 122 kHz 0.16 km/s 4-bit x 4-bat Nyquist
1 62.5 MHz 256 244 kHz 0.32 km/s 4-bit x 4-bit Twice Nyquist
1 31.25 MHz 2048 15kHz 0.02 km/s 2-bat x 2-bat Twice Nyquist
1 31.25 MHz 512 61 kHz 0.08 km/s 4-bit x 4-bat Twice Nyquust
Time Division Mode 2 GHz 64 31.25 MHz 40.8 km/s 2-bit x 2-bit Nyquist




Table I( Multi-resolution mode possibilities

Multi resolution modes

@ W, A eon

10
n
12

15
17
18

25

N

a7

B

1CGHz
500VHz
250VH.
120VHz
62 ZVHz

500VHz
200VHz
125VIIzZ
LIV A H3

250Vi Iz
125V z
2. 3VHz

BITS

2
2
2
2x2

22

Ve o4

NYCQUIST

- 1IN
- IN
- IN
- IN

« IN =

- IN
- 1IN
- IN
« YN =
- YN =
« YN =

CorMode _____ Moweldenlley
Number

PO.Z

1BE
1BE
IBE
1BE
1BE

Zh

spectral Ghannal 1Resn i hion 1y cach paanzahor aata 507

as a funcicn of the fraction of comrelator rescurces assigred in Muliqes ution Moce
(Total #s0cctral channcis per polanzation data 5t In parcntnzsis)

Eull

122 <z (8192)
61 <Fz (8192)

30 SKHs(2162)
123 KHz (51€2)
7E3KHz (2162)

122 <z (1096)
671 <z (4096)

JU S KIHZ ALy
12 3KHZ (AL

122 4112 (2040)
61 41 2 (2048)

30 5 KHz 12048)

2 KN 187)
£ L3 KIIZ (AUsE)

15 3Kz ran)

1

244 KHz (10¢€)
122 KHz (106
€1 KHz (10S€)

30.5 4z (1096)
15.3 <z (1096)

244 KHz [2C48)
122 KHz (2048)
L1 Kl Iz [204U)

WS A2 (2041)

244 Kl Iz (1024}
122 KIzZ [1024)
61 KHz {*024)
£ 417 (d095)
153 41 2 (2041)

MH AT (I008)

14

na
244 KHz (2018
122 KHz (2048)
51 K=z (2013)
30.5 <z (2018)

na
244 K4z 024
Ve W IZ 702y

51Kz (1024)

na
244 K/ 12 [512)
122 KHz [512)
1523 K17 (AMU)
305 A1z (1024)

K7 517)

i3

na

na
2/ KHe (1024]
122 KHz {1024}
61 KHz {1024}

na

na
24 KIZ 1212}
122 K1z 1212}

na
na
244 KHz 1256

LT ol R LAY

C1KIHZ012;

122 K117 17543)

108

na

na

4
2 KHz (312
122 KHz (312]

na
na
na

244 KIIZ (256

na
na
na
K17 (317)
122 KHZ (250

na

132

na
na
1
na
244 KHz (256)

88387

838

177 KIIZ (756)
na

na

« The ALMA Correlators »
http://www.almaobservatory.org/en/outreach/newsletter/252-newsletter-no-7

A. Baudry, ALMA Newsletter, Jan. 2011, No 7
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Operations Support Facility - 2900m




ALMA Construction Status
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Phase correction with wvm channel 2
—

+ Water Vapour Radiometers

1corrected phase

> All ALMA antennas will be equipped il ot i

with water vapour radiometers R *
observing the 183GHz atmospheric = » /e
water line. N | *

5.1 5.2 5.3 5.4
rms phase 26.3 deg

time (hours)

0.3

WVRs track phase on 1s timescales
along the same path (within 3-10

2 arcmin) as the astronomical signal
5] from the source (complementary to
@) fastswitching: >10s and few degs)
=

zcs

-Improve Sensitivity and Fidelity
-Allow to increase switch time

5 ) a 13 Jun 2011 33
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WVR progress

+ Successful testing at Onsala, OSF and AOS
+ Correction very promising

+
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WVR Phase correction

GSPLINE table: N3256_B6_0.GSPLINE_WVR_0

150 A 150 | s Ioe RO PPRTPRELE @ 'go e o - oot PONTITE:
100 - g Sg I . ‘:.:.: .......... S oeigrondinngendiin@ooagioageingann@e @
o trg%-loo— . ) : 0.ingr @0 (o)
-150 ‘ ‘ @ *C‘J"O"O ‘ .E,,..o" .‘.
a0 | 1 GSPLINE table: N3256_B6_0.GSPLINE WVR 1
_ mof I
0712000 07:40:48.0 08:05:316’igqe 0638240 09:0712.0 ;% -:E: , ' _____ PR - o e S oo .k. ..... S s .3; 8 o
e DY WS VILL Tl g ®
8 gl ek RS, T o
Blue: uncorrected 0557|:072 06:08‘:383 :...0.6:2(.;09.5 06:3{:40.7 : 06:43::12.0
interferometer phase . . :
Full calibration test in CASA
Orange: phase after
correction using water- Small d_ots. raw measurements
vapour radiometers Large circles: WVR corrected
+]%S+ Leonardo Testi: Introduction to ALMA , Bologna 13 Jun 2011
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(ALMA Test Data, ALMA CSV Team)

"l..

£002;
I 242 2425 243 2435 | -

0.01 -
i Frequency [GHz] T : 71ﬂ
itati | 1t
The Eyelash gravitational lens 1 ’ el

1 1 1 I 1 1 1 1 I L 1 L 1 I L 1 1 1 I 1 0

245 250 255 260 349 3492 3494 3496  349.8 350 3502 3504  350.6
Observing Frequency (GHz)

Frequency [GHz] _ _
+ Followup possible starting with Early Science [ClI] in BRI 0952 at z=4.4

+ Including spectroscopy (CO, ClI, CIl)

s
+
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ALMA Test Data on NGC253

8 CO J=1-0 Intagratad Intensity
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Disk evolution

betaPic_B

(de-convolve

€
B
v
l—
>
7
O
<
=
=
<
s
S
@]
7
v
l—
<
=
=
L

' Herschel 70um
100 0 0 L ]

—100 —50 0 ALMA B7

arcsec




T=9A)V—HOEHD

S =1V =HIERT—
c.&zm e oml

lﬁl, _ :A *

Frequency (GHz)

Orion Spectral Sweep
‘\w

—= ” u ..ﬁ c

*M« .ﬂwwm nnu

m = i LA

g

m luT%pmw» AV X

= -

9 Q.

E : =5 :
5= 7 , v
e O 2
5 & E
38 e §
23 (200¢ "2 32 Jo(nog) spmdury VW1V S
£ VINS u




Science Verification

B TW Hya — protoplanetary disc

B NGC3256 — Nearby luminous galaxy
B Antennae — Merger mosaic

B BRI1202-0725 — High-Z ClI

B HD 107146 — debris disc

IMAGES:

5

Lo s ke wale ki




Science Verification

ES+
0
<.>

B TW Hya — protoplanetary disc
» http://casaguides.nrao.edu/index.php?title=TWHydraBand/

B http://almascience.eso.org/alma-data/science-verification
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ALMA Early Science

+ When?

» Deadline 30 June 2011
» QObservations Fall 2011

+ What?

16 antennas
Configurations from compact (125m) to moderately extended (400m)

A\

single field interferometry plus pointed mosaics with up to 50 pointings
Bands 3, 6, 7 and 9 (3mm, 1mm, 0.85mm, 0.45mm)

Several single spectral resolution modes

1 or 2 polarizations, no full polarization

Amplitude calibration: 5% B3, 10% B6 and B7, 20% B9

At most 30% of the available time for the first call (period Oct11-Jun12)

V VV V V V VYV VY

No Solar observations
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B Compact up to ~130m; short bl ~20m
B Extended up to ~400m; short bl ~35m
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Image Fidelity - Early Science

Early Science | Full Science

Convolved

source models

10 minutes 4 hours 10 minutes
(0.47 mJy rms) (0.091 m]y rms) (0.14 m]y rms)

1 hour
(0.057 mJy rms)

Leonardo Testi: Introg
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Spectral modes for Cycle O

FDM modes Resolution (kHz)—
Band- | MHz 12 25 50 100 200 400 800
width 7200 2
| 3600 2
1800 2
900 2
450 2
225 1 2
. The number in each cell shows the
Resolution . .
TDM modes (MHz) — number of polarization products
rovided: 1 - singl I, 2 — both
Band- MHz 30 provided singie po, - .bOt
polarizations.
width 7200 2

General description of modes and performance in

« The ALMA Correlators »

A. Baudry, ALMA Newsletter, Jan. 2011, No 7

http://www.almaobservatory.org/en/outreach/newsletter/252-newsletter-no-7
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ALMA Early Science

+ Limitations to be kept in mind:

» Limited number of antennas:
- limited sensitivity as compared to full ALMA
 imaging requires Earth rotation synthesis
Limited angular resolution
No multi resolution available
Limited time available for science observations
ALMA capabilities ramping up FAST

ALMA ES capabilities and constraints are best suited for limited scope projects
(as opposed to large scale surveys)

Typical project for ES should be few hrs (4-10) and deliver result!

YV V.V V V

A\
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ALMA beyond ALMA

+ ALMA will allow transformational science thanks to the
sensitivity, angular resolution, spectral coverage and image
fidelity, but...

+ The baseline ALMA project will only achieve a fraction of the full
potential of the site and instrument

Incomplete Receiver Complement

Limited Wide Field Capabilities

Limited Correlator and Data Rate Capabilities
Extended baselines (30-50km), VLBI (200-10000km)
Advanced Calibration, Software, Science Tools....

YR S SN S

s
+
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Examples of Scientific Limitations

65°41'00"

Limited Band 5 Complement
> Eu FP6 6 B5: just a glimpse at B5
» Water in the Universe

> [CIl] in the range 8 <z < 11
NoBand 1 &2
» High-z low excitation CO

Dec. [J2000]
56°40'60'

55°40'40"

» Sunyaev-Zeld’ovich effect

58"
R.A.[32000]

> Dust Evolution in Protoplanetary Disks

: Jy/beam

- 0.02

-0.01

L . 183 GHz H20 maser in NGC3079
» Deuterated molecules, low excitation conditions (SMA, Humphreys et al 2005)

Limited correlator/bandwidth/datarate capabilities
> Line surveys, chemistry studies very time consuming

Continuum Wide Field Mapping Efficiency

» SZ and Molecular Clouds applications very time consuming
> Instantaneous wide field of view for solar physics
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Galactic Center Black Hole

rotating BH

non-rotating

BH
—O 20 -20 | 20 | -20 0 20
model 0.6 mm VLBI 1.3 mm VLBI
16uarcs res. 33uarcs res.
Falcke+2000

+

s + ALMA + mmVLBI

+
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The ALMA Development Program

+ ALMA development budget is proposed to ramp up starting in 2013 to
reach ~12M$/yr from ~2015

+ ALMA Upgrade Studies in Europe:
» Preparations for ALMA B5 Full Production
» Upgrade Options for ALMA B9
» Phasing up ALMA for mm-VLBI
» Design and components for ALMA B2
» Scientific opportunities for supra-THz interferometry with ALMA
» Options for upgrading the instantaneous bandpass

+ Science Case, Technical Readiness, Cost, Timeline
» Getting ready to implement the upgrades from 2013-2015

s
+
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Summary

B ALMA is here!

» Call for Early Science Proposals with capabilities well
beyond current instruments - Deadline 30 June 2011

B ALMA ES is just the beginning!

» Cycle 1 - Deadline Q1 2012 - will already be a huge step in
sensitivity and other capabilities (resolution, observing
modes, etc.)

» Full Science Operations - End of Construction in a couple
of years

B ALMA s a long lifetime observatory with a healty
Development Plan
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