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T
IM

E in a nutshell  
•

A
 [C

II] Intensity M
apper for EoR

 at 5.3 <
 z <

 8.5

•
C

overing 195-295 G
H

z at R
~

100 (183-326 G
H

z 
including atm

osphere m
onitoring channels) 

•
32 grating spectrom

eters (2 polarizations)

•
1920 T

ES bolom
eter detectors

•
16 spatial pixels and 60 spectral channels  

•
FoV

: 11 arcm
in x 0.4 arcm

in

•
N

om
inal survey: ~

1 deg x 0.4 arcm
in

•
Engineering run now

:  Jan-M
arch 2019

•
1000 hours of w

inter observing tim
e at the K

itt 
Peak A

LM
A

 12-m
 Prototype A

ntenna, starting 
w

inter 2019



T
IM

E Lightcone

T
IM

E traces the 3D
 large-scale cosm

ic structures via [C
II] and C

O
 and 

m
easures the lum

inosity-w
eighted density field

A
strophysics: L(M

)
C

osm
ology: P

L (k, z)

T
IM

E collaboration
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E Instrum
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T
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E collaboration
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T
IM

E focal plane

C
ourtesy A

bby C
rites



T
IM

E @
A

PA

T
IM

E collaboration

TIM
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T
IM

E engineering run @
A

PA

January - M
arch, 2019
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T
IM

E engineering run @
A

PA

T
IM

E assem
bled

C
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T
IM

E engineering run @
A

PA

T
IM

E cold, lab testing

C
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E engineering run @
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PA

T
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[C
II] at high-z

•
[C

II] is a m
ajor coolant in ISM

, a tracer of Star form
ation activities.

•
L

[C
II] /L

FIR  appears to be ~
0.001 - 0.01 at high-z from

 recent A
LM

A
 observations 

(A
ravena et al. 2016, C

apak et al. 2015)

•
A

LM
A

 starts to constrain 10
8.5-9 L

sun  system
s (A

ravena et al. 2016, H
ayatsu+

17)

T
IM

E collaboration

+
z>4
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T
IM

E forecast:  

[C
II], C

O
 Pow

er Spectra

•
[C

II]/C
O

 intensity m
apping 

constrains the integral of 
lum

inosity function via 
clustering and shot-noise pow

er 
spectrum

 

•
Pow

er spectra SN
R

 ~
 10, 

including estim
ated signal 

reduction due to observing 
strategy, survey geom

etry, 
atm

ospheric and continuum
 

contam
inations.

T
IM

E collaboration (Sun et al., in prep)
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T
IM

E forecast:

C
osm

ic [C
II] abundance

T
IM

E collaboration (Sun et al., in prep)

T
IM

E



T
IM

E forecast:
SFR

 constraints at high-z
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T
IM

E forecast:
R

eionization history

T
IM

E collaboration (Sun et al., in prep)



T
IM

E forecast:
[C

II] x LA
E cross correlation

T
IM

E collaboration (Sun et al., in prep)

•
[C

II] x LA
Es from

 the H
SC

 
SILV

ER
RU

SH
 survey at z=

5.7 

•
C

urrently optim
izing the 

survey depth and geom
etry for 

C
O

, [C
II] and [C

II]xLA
E 

pow
er spectra



T
IM

E forecast: 
C

O
/H

2  abundance at z=
0.5-2

•
T

IM
E w

ill m
easure m

ultiple 
C

O
 J rotational transitions at 

0.5 <
 z <

 2

•
C

an be achieved via in-band 
cross-correlations of different 
J lines 

•
T

IM
E w

ill constrain the 
cosm

ic m
olecular hydrogen 

abundance across redshifts
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Line de-confusion
•

H
igh-z [C

II] and low
-z C

O
 lines can be confused in T

IM
E.

•
W

e are planning to use a com
bination of w

ell-dem
onstrated techniques:

•
M

asking bright, low
-z sources: em

ployed in C
M

B, C
IB, EBL and studied for 

IM
 (e.g., Sun+

18, Silva+
17). 

•
U

se the anisotropic pow
er spectrum

 shape of [C
II] and C

O
 (from

 
observing to com

oving coordinates) to distinguish the lines (V
isbal &

 
Loeb 2010; G

ong+
14; Lidz &

 Taylor 2016; C
heng+

 2016). 

•
C

ross-correlations of different lines at sam
e redshift (e.g., V

isbal &
 Loeb 

2010; G
ong+

12, +
17).

•
C

ross-correlations w
ith galaxy tracers (e.g., C

hang+
10, M

asui+
13, 

Pullen+
13, +

18). 



C
O

, [C
II] signal de-confusion:
source m

askingT
IM

E collaboration (Sun et al. 2018)



C
O

, [C
II] signal de-confusion:

A
nisotropic pow

er spectrum

•
H

igh-z [C
II] and low

-z C
O

 
rotational lines can be 
confused in T

IM
E

•
U

se the redshift-
dependence of C

O
 and 

[C
II] from

 observing to 
com

oving coordinates to 
distinguish the lines (Lidz &

 
Taylor 2016; C

heng et al. 
2016). 

[C
II]

L
in
e
T
o
m
o
g
r
a
p
h
y
w
it
h
T
IM

E
B
o
c
k

e
t
a
l.

   K
eres et al. (2003) 

W
alter et al. (2014) 

 D
ecarli et al. (2016)

K
eating et al. (2016)                 

R
e
d
sh
ift

(z
)

ρ(H2) (M⊙ Mpc−3)
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of
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e
in
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m
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for
a
very

large
red

sh
ift

ran
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(0.5
<

z
<

2,
exclu

d
in
g
0.74

<
z
<
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w
e
si-

m
u
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eou
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ob
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tw
o
C
O
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s
w
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e
b
an

d
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T
h
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cross-correlation
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th
e
T
IM

E
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a
p
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ad

jacent
C
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w
e
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u
n
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th
e
contrib

u
tion

from
C
O
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red
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W
h
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interp
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of
th
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cross-correlation

m
easu
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e
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m
p
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s
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t
th
e
excitation

of
C
O
,
th
ere

is
su
b
stantial

evid
en
ce

from
existin

g
ob

servation
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d
ata

[68,
70]
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P
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d
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p
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entary
in

red
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d
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C
O
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m
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p
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g
su
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[34].
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N
ext-gen [C

II] intensity m
apper

G
rating spectrom

eter

(O
’brient et al. 2014)

O
n-chip spectrom

eter

See K
irit’s talk 

•
Better Sensitivity.  Scale up to 10,000 detectors.

•
Better site.  C

SO
 proposed m

ove to the C
hile A

LM
A

 site (N
SF M

R
I 

proposal by G
olw

ala)

C
ourtesy A

bby C
rites



[C
II], Lya, H

a, 21cm
 Intensity M

apping: 
large-scale, 3D

 EoR
 probes

D
ensity fluctuation

         z~7

 Ionizing sources
 (traced by H

a, [C
II])

H
eneka et al., 2017

F
igure

1.
Slices

of
sim

ulated
density

(top)
and

corresponding
21

cm
brightness

tem
perature

offset dT
b
(m

iddle)
in

a
200

M
pc

box.Left:
redshift

z=
10

and
m
ean

neutral
fraction

of
=

x̄
0.87.

H
I

R
ight:redshiftz=

7
and

=
x̄

0.27;
H

I
param

etersettings
as

in
Section

2.1.The
tw
o
bottom

panels
show

forcom
parison

the
totalsim

ulated
L
yα

surface
brightness

in
erg

s −
1cm

−
2sr −

1;fora
detailed

description
ofthese

sim
ulations

and
a
description

ofdifferentcontributions
to
L
yα

em
ission

taken
into

account,see
Section

2.2.

3

T
h
e
A
stroph

ysical
Jou

rn
al,848:52

(22pp),
2017

O
ctober

10
H
eneka,

C
ooray,

&
Feng

F
igure

1.
Slices

of
sim

ulated
density

(top)
and

corresponding
21

cm
brightness

tem
perature

offset dT
b
(m

iddle)
in

a
200

M
pc

box.Left:
redshift

z=
10

and
m
ean

neutral
fraction

of
=

x̄
0.87.

H
I

R
ight:redshiftz=

7
and

=
x̄

0.27;
H

I
param

etersettings
as

in
Section

2.1.The
tw
o
bottom

panels
show

forcom
parison

the
totalsim

ulated
L
yα

surface
brightness

in
erg

s −
1cm

−
2sr −

1;fora
detailed

description
ofthese

sim
ulations

and
a
description

ofdifferentcontributions
to
L
yα

em
ission

taken
into

account,see
Section

2.2.

3

T
h
e
A
stroph

ysical
Jou

rn
al,848:52

(22pp),
2017

O
ctober

10
H
eneka,

C
ooray,

&
Feng

F
igure

1.
Slices

of
sim

ulated
density

(top)
and

corresponding
21

cm
brightness

tem
perature

offset dT
b
(m

iddle)
in

a
200

M
pc

box.Left:
redshift

z=
10

and
m
ean

neutral
fraction

of
=

x̄
0.87.

H
I

R
ight:redshiftz=

7
and

=
x̄

0.27;
H

I
param

etersettings
as

in
Section

2.1.The
tw
o
bottom

panels
show

forcom
parison

the
totalsim

ulated
L
yα

surface
brightness

in
erg

s −
1cm

−
2sr −

1;fora
detailed

description
ofthese

sim
ulations

and
a
description

ofdifferentcontributions
to
L
yα

em
ission

taken
into

account,see
Section

2.2.

3

T
h
e
A
stroph

ysical
Jou

rn
al,848:52

(22pp),
2017

O
ctober

10
H
eneka,

C
ooray,

&
Feng

w
ith

com
oving

angulardiam
eterdistance

d
A ,properlum

inosity
distance

d
L ,

and
c

n
l

=
=

+
()

(
)

()
y

z
d

d
z

H
z

1
0

2
(for

com
oving

distance
χ
,
observed

frequency
ν,

and
rest-fram

e
w
avelength

l
=

´
-

2.46
10

m
0

15
of

L
y
α

radiation).
B
y

assigning
L
y
α

lum
inosities

to
host

halos
depending

on
halo

m
asses,

w
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reionization
progresses.
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2014).
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recom
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recom
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Section
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