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We discuss the science drivers for ALMA Band 2 which spans the frequency range from 67 to
90 GHz. The key science in this frequency range are the study of the deuterated molecules in cold,
dense, quiescent gas and the study of redshifted emission from galaxies in CO and other species.
However, Band 2 has a range of other applications which are also presented. The science enabled
by a single receiver system which would combine ALMA Bands 2 and 3 covering the frequency
range 67 to 116 GHz, as well as the possible doubling of the IF bandwidth of ALMA to 16 GHz,

are also considered.
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Level 1 Science Drivers

. Cold, dense, quiescent gas
- Deuterated species J=1-0 transitions
. Closing the redshift desert

. Galaxy evolution
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. Finding protogalaxies

. Ignition of young massive stars
. From grains to planets

. Mixing in evolved stars

. VLBI

. Cold complex chemistry
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Cold, Dense, Quiescent Gas:
D-containing Species in Band 2

Deuterated Species

Molecule Freq. Molecule Freq.
(GHz) (GHz)
CH,D* 1(1,0)-1(1,1) 67.273 DNBC J=1-0
DY¥CO* J=1-0 70.733 DNC J=1-0 76.306
DIBCN J=1-0 71.175 DOCT J=1-0 76.386
DCO’ J=1-0 72.039 N,D J=1-0 77.108
C,D N=1-0 72.108 NH,D 1(1,1)0 - 1(0,1)0  85.926
DCN J=1-0 72.415
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At T<20K Hi + HD — HyDV + Hy + 230K
HyD' 4+ Ny — NoD™' + Ho
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~10° enhancement over cosmic [D/H] of 10
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Pre-Stellar Core

( CO freeze—out zone : dark—cloud .~
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NaB, NoH™, D,CO. HaC8 ; "
H2D+, D2H+ OCH. : "
NH,D, NH; Ca, CS, _
CN, HCN, HNC  DCoT, Heo®
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Radius (AU} (Caselli 2011)
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N2D+ J=1'0, 77.1 GHZ

0.4 - NyD'(1-0) in L183
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Tmb (K)
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1 1 1 l 1

Isolated hyperfine
component — sensitive
probe of velocity
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and turbulence.
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M. Emprechtinger et al 2009
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Low & high mass protostars & cores

10! 1 1 ~ , —
— //’
o, 5% ‘ ,
® ¢ & s
,’.D B //
100 .7 l .7
- s - ’
1() // Z IDJ. 4;—?—
P '. 2
& -7 0 oV u
0.25 /// * " ; )
-y ks K ; ‘ =¥
AR +

0.01 .~

10! 10?

N(N2H*) (x 10'2 cm?)
Matias Lackington et al. MNRAS 2016;455:806-819

10Y




1824
>0
é)_qcm') | | f | ||
-~ Evolution of Deuterium Species
— 0
_ o f;)'="1"('r']'o d'er')lé'tg;r']') "
[ ——  fp =10 (fiducial) -
_____ fo =100 .
1071
1072 3 E
+ [ ]
g
Z & [ T/ ' ' ' '
| - DNC/HNC
[ T N — e e
. ~~
10-4F- 0.1¢ \, AN ]
[ p— [ \' \0
T ..
X, \ N
105 NI BT I BT B % \ \\’..
10° 10t 100 100 1X \ N
(Kong et al. 2015) Time (yr) ooty T T =l \'\ r
N,D*/N,H* S
(Fontani et al. 2014) |
a— 0001 L M| L M| L Lol L Lol L M| L P
. 1 10" 10 10®° 10"  10°
RS o e Time after temperature rise [yr]
LASY W ALMA Regional Centre || UK

MANCHESTER

10°




MANCHESTER

Yy
er

=
(%)
=
v
=
[y
L,
()
|_

of Manchest

Timescales

Matias Lackington et al. MNRAS 2016;455:806-819

T T T T Y T

G
N(NoH*) (x 10'2 ecm—2)

Kong et al 2015
Fiducial model
F(CO)=10

n=10° cm™3
n=10% cm™3

Time markers:
5x10%y

10%y

2x10%y

to 3.2x106 y

\Regions <few free-fall times old — Dynamically young
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Applications of D Species

. Evolutionary history of gas
- Classification of massive protostars
. Kinematics of gas on the verge of collapse

. CO snowline in proto-planetary disks

. ‘Tracing ionization
- Gas-magnetic field coupling
- Cosmic ray heating rates — galactic & extragalactic

. In solar system (and proto-planetary disks ?)
trace transport of volatiles

GGGGGGGGGGG
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Eff’c’encySpecies: HCN, HCO*, HNC, N,H"

\ DCN, DCO*, DNC, N,D*
Band Number of Lines D Species Deuteration ratios

2+3 5 2 DNC/HNC
8 GHz 2SB

4 3 3 -

5 2 0 -

6 4 4 -

7 4 2 -

Band Number of Lines D Species Deuteration ratios

2+3 8 4 DNC/HNC, N2D+/

N2H+
16 GHz 2SB DCO+/HCO+

DCN/HCN
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Observing D Species In The
Future
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Extragalactic Science

Redshift searches

Running down the molecular reservoir
Evolution of the star forming gas & outflows
Galaxy environment
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Redshift Searches

1 line

Coverage well
matched to
distribution of dusty
galaxies. Implies
increase success
rate from ~70% to
~100% | surveys
compared to 50% for
optical surveys.

(Weiss et al 2013)
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-

Yobs [GHZ]

Co(2-1)

,\ Band 3 only: Desert 0.37<2<0.99, 1.74<z<2.0
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Coverage well
matched to
distribution of dusty
galaxies. Implies
increase success
rate from ~70% to
~100% | surveys
compared to 50% for
optical surveys.

(Weiss et al 2013)
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Running down the molecular

reservolir

. Star formation peaks z~1-3 with factor 10
decline to z~0

. Corresponding factor 7 decline in molecular
content z=2 to z=0, most quickly z<1

. How do galaxies evolve from peak to now?

. Varying excitation requires mulitiple CO
transitions to determine mass

- Need observations of the similar range of lines
across z

rticularly low J transitions
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BN Band 1 N Band & N Sand 5 N Band 7 B Band 8
B Band 2 BN SBand 4

Last quarter |

co(12-11)
co(11-10)

co(10-9)
Co(9-8)
co(8-7)
co(7-8)
CO(8-5)
Co(5-4)
Co(4—3)
co(3-2)
co(2-1)
co{1-0)

Cluster and environmental effects — Larger primary beam an advantage

SRS
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Tracing the dense gas

Band 3 Band 2

/

—V

CO(1-0)
CN(1-0)
CS(2-1)
HNC(1-0)
HCO (1-0)
HCN(1-0)
SiO(2-1) [

0.0 0.2 0.4 0.6 0.8
z

MAX

Increase volume accessible by factor ~200 to study objects rare in
local universe but more representative of high z populations.

B Fee k and outflows
\_\-\' EUROPEAN ARC
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Requirements

 8+8 GHz 2SB system

« D species but adds additional tuning for redshift
surveys

» Sensitivity
« 30K (37K) over 80% of band 2 (band 3)

» Sufficient to image 10M, 10K gas fD=0.01 (at 4kpc) in
DCO* J=1-0 with 1” resolution, dv=0.1 km/s in 3 hr
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Level 2 Science Cases

» Finding protogalaxies

. Ignition of young massive stars
« From grains to planets

« Mixing in evolved stars

» VLBI

» Cold complex chemistry
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Finding Protogalaxies

SZ from ionised gas in haloes around
protogalaxies (Massardi et al 2008)
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Additional Science

. -The ignition of massive stars

- Band 2 samples transition from optically thick to thin
_ lonised gas kinematics in recombination lines

~ Band 2+3 cover most recombination lines of any
ALMA band
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AS: From grains to rocks

. Band 2 long wavelength sweet spot to study
grain growth minimizing contamination from
free-free and spinning dust.

. Large fractional bandwidth to measure spectral
iIndex across band
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AS: Cold Complex Chemistry

» Complex organics typically tracers of hot core
chemistry

» But increasing evidence for these species in
cold, 10K, gas

- New mechanisms

- Complex chemistry in low mass st

regions — seeding disks & planets
« Glycine

Jimenez-Serra et al. 2014

EEEEEEEEEEE

Frequency Einstein A Energy
(MHz) (107°s71)  (K)
67189.12 1.3 18.8
68323.7013 1.3 21.0
68736.2569 1.1 26.4
68769.0258 1.1 26.4
68941.6361 1.2 23.4
69472.9012 1.2 23.4
71611.561 1.5 21.4
71646.3858 1.6 22.3
71910.3034 1.6 20.2
74923.442 1.8 24.7

\
LASY W ALMA Regional Centre || UK
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Prestellar core (L1544)

AS: Glycine

Band 2+3 (T=10 K)
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Jimenez-Serra et al. 2014
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» |lsotopic species in evolved stars

- Constrain mixing and nuclear burning
« VLBI with LMT, Arizona, GBT, OSO and others

_ Class Il methanol maser transitions closer to
protostars

- H,CO maser ?

- 96GHz water, z~1.5 183 GHz water maser (22 GHz
detected at z=2.6)

- Absorption line studies of AGN tori
t launching & blackholes
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Table 2: Transitions of silicon containing isotopologues in ALMA Band 2

Evolved Star Mixing

Species Transition Frequency (GHz) Species Transition Frequency (GHz)
Sit*CC 3(1,3)-2(1.2) 65.036 Sit*CC 3(1,2)-2(1,1) 73.102
30838 v=0 J=J=4-3 68.052 SiCy v=0  21(417)-21(418) 73.178
30SiC, 3(0,3)-2(0,2) 68.333 sit*CC 7(1,6)-7(1,7) 74.384
Sit*CC 3(0,3)-2(0.2) 68.610 Si*%0 v=0 J=2-1 80.705
30SiC, 3(2.2)-2(2,1) 6R.777 S0 v=2 J=2-1 83.583
SitCC 3(2,2)-2(2,1) 69.129 WSi0 v=1 J=2-1 84.164
30SiC, 3(2.1)-2(2,0) 69.255 Si0 v=4 J=2-1 84.436
29SiCy 3(0,3)-2(0,2) 69.264 2610 v=2 J=2-1 84.575
Sit*CC 3(2.1)-2(2.0) 69.682 WSO v=0 J=2-1 84.746
298iC, 3(2,2)-2(2,1) 69.735 Si0 v=3 J=2-1 85.038
SiC2 v=0  11(*)-11(210 69.910 30533 v=0 J=5-4 85.065
GiS v=0 J=4-3 70.041 2810 v=1 J=2-1 85.167
298iC, 3(2,1)-2(2,0) 70.242 Si0 v=2 J=2-1 85.640
SiC2 v=0 3(03)-2(02) 70.260 2810 v=0 J=2-1 85.759
Si*S v=0 J=4-3 70.629 Si0 v=1 J=2-1 86.243
SiCy v=0 3(22)-2(21) 70.763 SitdCC 4(1,4)-3(1,3) 86.563
296iS v=0 J=4-3 71.284 SiO v=0 J=2-1 86.847
SiCy v=0 3(21)-2(20) 71.302 30SiS v=0 J=5-4 87.551
SiS v=3 J=4-3 71.558 Si*S v=0 J=5-4 88.286
Si*S v=0 J=4-3 71.595 296iS v=0 J=5-4 89.104
SiS v=2 J=4-3 71.911 SiS v=3 J=5-4 89.446
SiS v=1 J=4-3 72.265 Si*S v=0 J=5-4 89.489
SiS v=0 J=4-3 72.618 SiS v=2 J=5-4 89.888

LS ALMA Regional Centre || UK\
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