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  black-­‐hole	
  growth.	
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  to	
  planetary	
  systems.	
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Studying	
  Cosmic	
  Star	
  FormaGon	
  is	
  a	
  Far-­‐IR	
  QuesGon	
  

AA52CH10-Madau ARI 4 August 2014 10:30
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Figure 8
(a) SFR densities in the FUV (uncorrected for dust attenuation) and in the FIR. The data points with symbols are given in Table 1. All
UV and IR luminosities have been converted to instantaneous SFR densities using the factors KFUV = 1.15 × 10−28 andKIR = 4.5 ×
10−44 (cgs units) valid for a Salpeter IMF. (b) Mean dust attenuation in magnitudes as a function of redshift. Most of the data points
shown are based on UV spectral slopes or stellar population model fitting. The symbol shapes and colors correspond to the data sets
cited in Table 1, with the addition of Salim et al. (2007) (cyan pentagon). Two versions of the attenuation factors are shown for
UV-selected galaxies at 2 < z < 7 (Reddy & Steidel 2009, Bouwens et al. 2012a) (offset slightly in the redshift axis for clarity): one
integrated over the observed population (open symbols), the other extrapolated down to LFUV = 0 (filled symbols). Data points from
Burgarella et al. (2013) (olive green dots) are calculated by comparing the integrated FIR and FUV luminosity densities in redshift bins,
rather than from the UV slopes or UV-optical spectral energy distributions. Abbreviations: FIR, far-infrared; FUV, far-UV; IMF,
initial mass function; IR, infrared; SFR, star-formation rate.

samples. The local FIRLF has not been drastically revised since the final IRAS analyses (Sanders
et al. 2003, Takeuchi et al. 2003); additional AKARI data did not drastically change earlier results
(Goto et al. 2011a,b; Sedgwick et al. 2011). The biggest remaining uncertainties pertain to the
faint-end slope, where measurements vary significantly from α = −1.2 to −1.8 (or, somewhat
implausibly, even −2.0) (e.g., Goto et al. 2011b). Analysis of the widest-area FIR surveys from
Herschel, such as H-ATLAS (570 deg2) (Eales et al. 2010), may help with this. The present un-
certainties lead to a difference of a factor of at least 2 to 3 in the local FIR luminosity density.
Nevertheless, as previously noted, in today’s relatively “dead” epoch of cosmic star formation, a
significant fraction of the FIR emission from ordinary spiral galaxies may arise from dust heated
by intermediate-age and older stellar populations, not newly formed OB stars. Hence, it is not
necessarily the best measure of the SFR. At higher redshifts, when the cosmic-specific SFR was
much larger, new star formation should dominate dust heating, making the IR emission a more
robust global tracer.

Local measurements of the SMD have relied mainly on purely optical data (e.g., SDSS pho-
tometry and spectroscopy) or on relatively shallow NIR data from 2MASS. There may still be
concerns about missing light, surface brightness biases, etc., in the 2MASS data (e.g., Bell et al.
2003), and deeper very-wide-field NIR data would be helpful. All-sky MIR data from WISE may
be valuable and have been used by Moustakas et al. (2013), but without extensive analysis specifi-
cally focused on this topic. Deeper NIR data covering a significant fraction of the sky, either from
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Most	
  of	
  the	
  star	
  formaGon	
  acGvity	
  has	
  
been	
  obscured	
  by	
  dust:	
  	
  e.g.	
  80%	
  at	
  
redshi]	
  1.8.	
  
	
  
Far-­‐IR	
  sensiGviGes	
  for	
  faint	
  end	
  lacking	
  
beyond	
  redshi]	
  2.5,	
  though	
  we	
  know	
  
of	
  powerful	
  dusty	
  systems	
  in	
  this	
  
epoch.	
  
	
  
What	
  sets	
  the	
  shape	
  of	
  this	
  curve?	
  
	
  
Why	
  does	
  BH	
  growth	
  track	
  star	
  
formaGon?	
  

Star	
  formaGon	
  seems	
  to	
  be	
  driven	
  by	
  
‘main	
  sequence’	
  galaxies,	
  not	
  mergers.	
  	
  	
  	
  

-­‐>	
  Balance	
  of	
  accreGon	
  rate	
  with	
  
feedback	
  processes.	
  	
  	
  InteracGon	
  with	
  
stars	
  /	
  BH	
  and	
  the	
  gas	
  which	
  is	
  their	
  
raw	
  material.	
  	
  Madau	
  &	
  Dickinson	
  ARAA	
  ’14,	
  	
  IntegraGng	
  down	
  to	
  0.03	
  L*.	
  

Far-­‐IR	
  SFR	
  from	
  Spitzer	
  70,	
  24	
  (Magnelli	
  +	
  09,	
  11),	
  Herschel	
  
(Gruppioni	
  +13).	
  	
  GOODS,	
  COSMOS.	
  June	
  3,	
  2015	
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3.6° 

The Far-IR SKY 
HerMES Lockman Survey Field with Herschel SPIRE: 

250, 350, 500 microns 

Cooray	
  &	
  
Sheth	
  2002	
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P1: FUI
September 30, 2000 16:14 Annual Reviews AR108-18

768 GENZEL ! CESARSKY

Figure 3 Combined LWS+SWS spectra of galaxies (>6 octaves). Left: Combined SWS/LWS
spectrum of the Circinus galaxy (Moorwood 1999, Sturm et al 1999b). The H2 lines and
low-excitation atomic/ionic fine structure lines ([FeII], [SiII], [OI], [CII]) sample photodissocia-
tion regions (PDRs4; Sternberg & Dalgarno 1995, Hollenbach & Tielens 1997), shocks (Draine et
al 1983, Hollenbach&McKee 1989), or X-ray excited gas (Maloney et al 1996). Hydrogen recom-
bination lines and low-lying ionic fine structure lines (excitation potential<50 eV: [ArIII], [NeII],
[NeIII], [SIII], [OIII], [NII]) sample mainly HII regions photoionized by OB stars (Spinoglio &
Malkan 1992, Voit 1992), although ionizing shocks may contribute in some sources (e.g. Contini
& Viegas 1992, Sutherland et al 1993). Ionic lines from species with excitation potentials up to
∼300 eV (e.g. [OIV], [NeV], [NeVI], [SiIX]) probe highly ionized coronal gas and require very
hard radiation fields (such as the accretion disks of AGNs) or fast ionizing shocks. Line ratios
give information about the physical characteristics of the emitting gas. Extinction corrections are
small (A(λ)/A(V) ∼ 0.1 to 0.01 in the 2–40 µm region). Right: The starburst galaxy M82 (top):
low excitation lines, strong UIBs/PAHs; and the AGN NGC 1068 (bottom): high excitation, no
UIBs/PAHs (Sturm et al 1999b, Colbert et al 1999, Spinoglio et al 1999). Sudden breaks in the
SEDs are the result of different aperture sizes at different wavelengths. Local bumps and unusual
slopes in the Circinus spectrum (12–20 µm and 35 µm) may be caused by residual calibration
uncertainties.

excitation/ionization states and are characteristic tracers of different physical re-
gions: photodissociation regions (PDRs4 ), shocks, X-ray excited gas, HII regions

4PDRs are the origin of much of the infrared radiation from the interstellar medium
(ISM). PDRs are created when far-UV radiation impinges on (dense) neutral interstellar
(or circumstellar) clouds and ionizes/photodissociates atoms and molecules. The incident
UV (star) light is absorbed by dust grains and large carbon molecules (such as PAHs) and is
converted into infrared continuum and UIB features. As much as 0.1–1% of the absorbed
starlight is converted to gas heating via photoelectric ejection of electrons from grains or
UIBs (Hollenbach & Tielens 1997, Kaufman et al 1999).
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Spectroscopy	
  Decodes	
  the	
  Far-­‐IR	
  Universe	
  

CALISTO:	
  	
  Bradford	
  +	
  Goldsmith	
  June	
  3,	
  2015	
  

ISO	
  LWS,	
  SWS	
  
Moorwood	
  et	
  al.	
  1996,	
  
Sturm	
  et	
  al.	
  2000	
  

Circinus	
  galaxy	
  –	
  a	
  nearby	
  AGN-­‐dominated	
  system	
   Provides	
  redshi]s	
  -­‐-­‐	
  3-­‐D	
  view	
  
of	
  the	
  far-­‐IR	
  Universe	
  

Measures	
  cooling	
  of	
  the	
  
ionized,	
  neutral	
  atomic,	
  and	
  
molecular	
  gas,	
  the	
  primary	
  
ISM	
  cooling	
  channels.	
  

Reveals	
  UV	
  field	
  intensity	
  and	
  
hardness	
  –	
  constrains	
  ionizing	
  
source:	
  accreGon	
  or	
  massive	
  
stars.	
  	
  (e.g.	
  [OIV]	
  /	
  [OIII],	
  Ne	
  
sequence)	
  

Measures	
  mass	
  and	
  density	
  of	
  
interstellar	
  gas	
  –	
  the	
  fuel	
  for	
  
star	
  formaGon.	
  

N/O	
  raGo	
  a	
  measure	
  of	
  
metallicity	
  and	
  stellar	
  
processing	
  history.	
  

Armus	
  whitepaper	
  
5	
  



Cosmic	
  Dawn,	
  Rise	
  of	
  Organic	
  Molecules	


• 	
  Strong	
  H2	
  emi:ers	
  found	
  in	
  the	
  local-­‐
Universe	
  may	
  be	
  analogs	
  of	
  early-­‐Universe	
  
shocks	
  produced	
  in	
  galaxy	
  formaGon	
  and	
  
AGN	
  feedback,	
  perhaps	
  as	
  element	
  
enrichment	
  is	
  taking	
  place.	
  	
  The	
  Zw3146	
  
spectrum	
  at	
  le]	
  would	
  be	
  detectable	
  at	
  
z=8-­‐10	
  with	
  CALISTO.	
  
(See	
  Appleton,	
  Cooray	
  talks,	
  white	
  papers	
  
for	
  more	
  on	
  H2)	
  
• 	
  As	
  they	
  arise,	
  PAH	
  features	
  become	
  
important	
  ISM	
  coolants.	
  With	
  their	
  large	
  
equivalent	
  widths	
  and	
  unambiguous	
  
template	
  for	
  redshi]	
  idenGficaGon,	
  they	
  
may	
  offer	
  the	
  best	
  probe	
  of	
  heavy	
  metal	
  
abundance	
  at	
  early	
  Gmes.	
  While	
  not	
  
accessible	
  to	
  JWST	
  or	
  ALMA,	
  CALISTO	
  can	
  
readily	
  detect	
  the	
  PAH	
  emission	
  from	
  
galaxies	
  systems	
  at	
  z~6,	
  as	
  they	
  come	
  to	
  be.	
  

	
  As	
  primordial	
  gas	
  is	
  enriched	
  with	
  metals	
  from	
  the	
  first	
  stars,	
  the	
  dominant	
  cooling	
  
pathways	
  shiD	
  from	
  pure	
  H2	
  to	
  fine-­‐structure	
  lines	
  and	
  dust	
  features.	
  

Egami	
  et	
  al	
  2006,	
  
Spitzer	
  IRS	
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GraGng	
  spectrometer	
  
enables	
  census	
  of	
  the	
  full	
  
evoluGonary	
  range,	
  from	
  
massive	
  primordial	
  disks	
  
with	
  0.01	
  MSun	
  of	
  gas	
  to	
  
older,	
  evolved	
  systems	
  
with	
  only	
  a	
  few	
  MEarth	
  of	
  
gas	
  remaining.	
  	
  	
  

Allows	
  observaGons	
  at	
  kpc-­‐
distances,	
  accessing	
  
clusters	
  with	
  range	
  of	
  ages.	
  
By	
  surveying	
  many,	
  
CALISTO	
  can	
  measure	
  the	
  
gas	
  disk	
  lifeGmes	
  directly.	
  

Example	
  clusters	
  for	
  disk	
  
spectroscopy:	
  	
  	
  NGC	
  2362	
  
(5Myr,	
  d=1.5	
  kpc),	
  NGC	
  
6871	
  (10Myr,d=1.7	
  kpc),	
  h-­‐
&χ-­‐Per	
  (13Myr,	
  d=2.3kpc),	
  
and	
  many	
  more.	
  

Model	
  spectra	
  convolved	
  to	
  R=400	
  (fluxes	
  in	
  W/m2)	
  
(credit	
  Uma	
  GorG)	
  

(d=500pc)	
  (d=2kpc)	
  

The	
  full	
  suite	
  of	
  spectral	
  lines	
  in	
  the	
  modeled	
  objects	
  above	
  are	
  
readily	
  detected	
  with	
  the	
  raw	
  sensiGvity	
  of	
  the	
  graGng	
  (but	
  very	
  
difficult	
  with	
  an	
  FTS-­‐based	
  instrument).	
  	
  	
  A	
  key	
  aspect	
  to	
  consider	
  is	
  
line-­‐to-­‐conGnuum	
  raGo	
  for	
  the	
  fainter	
  lines.	
  
See	
  also	
  talks	
  by	
  Bergin,	
  Pontoppidan	
  

Gas	
  in	
  Forming	
  Planetary	
  Systems	
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CALISTO	
  Concept	
  

•  Cryogenic wide-field surveyor with imaging spectroscopy as its thrust. 
•  L2 orbit, careful thermal design including passive and closed-cycle 

active cooling.
•  Instrument suite at T< 100 mK.  Few hundred thousand individual 

detectors, each coupling a spatial mode at R~500 background limit.
•  Other instruments possible.

 

 

3.4 CALISTO Confusion Limits 

Particularly for broadband observations, an effective limit to the depth to which one can integrate is set by the variations 
in the astronomical background, which are due to numerous, largely distant extragalactic sources.  While there has been 
considerable effort devoted to understanding the nature of the “IR Background” which has had significant success, it 
nevertheless sets limits for deep integrations.  The exact value of the “confusion limit” depends on the observing 
wavelength and telescope diameter in a fairly complex manner. To give one example, a model for the distribution of 
extragalactic sources as a function of flux density has been developed by D. Frayer, based largely on the 70 µm 
observations by Spitzer.  It predicts a 5ı confusion limit with 8 beams per source (meaning 7 out of each 8 beams 
observed on the sky would be free of any background source) equal to 5 µJy at 70 µm.  For a broadband observation 
(dȣ/ȣ = 1.0) with the NEP given above, CALISTO reaches this confusion limit in approximately 100 s of integration 
time.  This integration time is proportional to the NEP and inversely proportional to the observing bandwidth, so for 
background limited systems, the overall variation is as dȣ-0.5, so that for narrowband observations, much longer 
observations are productive, not to mention the fact that any confusing source is likely to have a redshift different than 
one for a particular source being studied.  All such numbers are somewhat uncertain, but the implication is that for 
broadband surveys with CALISTO, the confusion limit is low, and is reached relatively rapidly.  This is good news in 
that it means that large areas of the sky can be covered in a reasonable time.  It also indicates that relatively rapid 
spacecraft motion is required to take advantage of CALISTO’s extraordinary sensitivity.   

4. CALISTO MECHANICAL DESIGN 
4.1 Overall Telescope Mechanical Concept  

To minimize complexity, the CALISTO telescope has only a single simple, hinged deployment of the secondary support 
structure.  The secondary reflector itself is also mounted on a 6 degree-of-freedom actuator mechanism that can be used 
to correct for initial deployment errors and quasi-static changes in telescope shape.  Figure 14 shows CALISTO in 
deployed configuration. 

 

Figure 14.  CALISTO in deployed configuration highlighting offset optics and the multilayer sunshield. The direction to the 
sun would be approximately towards the bottom of this page. 

Proc. of SPIE Vol. 7010  701020-13

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/09/2015 Terms of Use: http://spiedl.org/terms

Figure 4: Left: CALISTO concept. 5-meter class telescope is actively cooled with closed-cycle coolers to ⇠4 K.
Passive and active cooling are integrated in a design which features V-groove radiators as used on Planck and JWST.
Right: Large cold telescope heritage: the 3.5-meter Herschel silicon carbide primary mirror, prior to assembly from 8
petals and figuring, and as integrated into the telescope.

Collecting area per unit cost is maximized with a monolithic-aperture telescope, particularly since the entire tele-
scope and instruments will be actively cooled. A single-dish telescope also naturally accommodates a wide range of
instruments, for example the broadband imaging arrays, heterodyne receiver arrays, 2-D imaging spectrometers such
as Fabry-Perot interferometers.

Table 3: CALISTO Basic Parameters

Parameter Value
Telescope Temperature <4 K
Telescope Diameter ⇠5 m
Telescope Surface Accuracy 1µm
Telescope Field of View 1 deg at 500µm
Instrument Temperature 50–100 mK
Total Number of Detectors 1–5⇥105

Heat Lift at 4 K ⇠150 mW
Heat Lift at 20 K ⇠2 W
Data Rate tbd

5 Observatory and Telescope
5.1 Observatory Cryogenics
Cooling all parts of the telescope and instrument environment to a few degrees K is essential for the excellent sensitiv-
ity, and this is a firm requirement for CALISTO. Cooling will be provided by closed-cycle helium coolers, carefully
integrated into a passive cooling architecture which uses staged V-groove radiators. The effectiveness of the V-groove
system has been demonstrated with the ESA Planck telescope, which reached below 40 K on orbit. 4-K class space-
flight coolers have been developed by industries worldwide: in the US as part of NASA’s ACDTP program, and in

9

~Gbit / sec
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  3,	
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CALISTO	
  SensiGvity	
  

•  CALISTO	
  reaches	
  0.1	
  L*	
  at	
  z=2.5,	
  	
  ULIRG	
  at	
  z=6.	
  
•  Discovery	
  potenGal	
  or	
  discovery	
  speed:	
  	
  Ndet	
  x	
  (A	
  /	
  NEP)2.	
  	
  	
  

3%	
  at	
  4.5	
  K,	
  NEP	
  2e-­‐20,	
  100	
  bms	
  

2.5m,	
  4%	
  at	
  6	
  K,	
  NEP	
  2e-­‐19,	
  4	
  beams	
  

(CCAT,	
  N=100	
  MOS)	
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Broadband	
  Imaging	
  and	
  Confusion	
  for	
  CALISTO	
  

•  The	
  2x	
  reducGon	
  in	
  beam	
  solid	
  angle	
  (vs	
  Herschel)	
  translates	
  to	
  a	
  10x	
  improvement	
  in	
  depth	
  at	
  100	
  
μm	
  due	
  to	
  the	
  shallow	
  slope	
  of	
  the	
  luminosity	
  funcGon.	
  	
  	
  Further	
  improvements	
  may	
  be	
  possible	
  
via	
  removal	
  of	
  bright	
  sources,	
  combining	
  datasets	
  with	
  the	
  2	
  telescope	
  orientaGons.	
  

•  Imaging	
  at	
  50	
  -­‐	
  100	
  μm	
  will	
  be	
  very	
  powerful	
  for	
  CALISTO.	
  	
  	
  	
  
•  AdopGng	
  38	
  uJy	
  for	
  the	
  confusion	
  limit	
  (at	
  100μm),	
  the	
  luminosity	
  at	
  5	
  ×	
  this	
  depth	
  is	
  1.3e10	
  Lsun	
  at	
  

z=2,	
  1.2e11	
  Lsun	
  at	
  z=5.	
  	
  (See	
  Table	
  2	
  in	
  CALISTO	
  white	
  paper).	
  	
  Can	
  cover	
  a	
  square	
  degree	
  to	
  this	
  
depth	
  in	
  0.1	
  hour	
  with	
  a	
  4000-­‐beam	
  camera.	
  	
  	
  So	
  full	
  sky	
  in	
  4100	
  hours.	
  

represents the beamsize of Herschel, a 3.5m facility. Solid horizontal lines illustrate the Sconf limit of
one source per beam, as per the formal definition of confusion noise, while the dotted lines represent a

Figure 1: Di↵erential and cumulative number counts
at 70–250µm; see text for details.

more practical confusion limit of 1/4 source
per beam, in line with measured confusion
limits from Herschel (note this value will de-
pend strongly on the clustering of galaxies,
which di↵ers by wavelength). What this

shows us is that a beamsize that is re-

duced by a factor of ⇠2 (due to the

increased aperature of a 5m facility)

will push the confusion limit at ⇡70µm

a factor of ⇠3⇥ deeper, and a factor

of ⇠10⇥ deeper at 100µm and 250µm.
For example, the measured confusion limit at
100µm from Herschel PACS17 is ⇡0.15mJy,
which from Figure 1, appears to correspond
to a cumulative number of sources per beam
(right y-axis) of ⇠0.13. Assuming the same
e↵ective limit with a 5m facility (left y-axis
value of 0.13), we derive a confusion limit at
100µm of ⇠11µJy. See Table 1 for our esti-
mates at other wavelengths. The factor of ten
improvement in the confusion limit at 100µm
is due to the shallow slope of the faint-end of
the number counts below 0.1mJy. While a
steep slope would result in a less advanta-
geous jump in the confusion limit, we know
such slopes are unphysically possible as they
would imply the cosmic infrared background
(CIB2) should be several times larger than it
is measured to be.
So what is the scientific value of having a

facility with such a low FIR confusion limit?
A factor of ten in the confusion limit translates to a factor of ten improvement in the depth of FIR
surveys, implying easy detection of Milky Way type galaxies in direct dust emission out to z ⇠ 1.5.
The dramatic improvement in depth also implies the number of galaxies with direct detections in the
FIR will increase by a factor of ⇠100, extrapolating from the underlying shape of the dusty galaxy
luminosity function10. This will allow very detailed analysis of dust emission, obscuration, and star-
formation in distant galaxies on a far larger scale than has previously been possible and resolving
the vast majority of individual galaxies contributing to the CIB, well below the knee of the galaxy
luminosity function.

Wavelength Herschel 5m conf. Factor of
conf. lim. lim. Improvement

70µm 35µJy 11µJy 3.2
100µm 150µJy 11µJy 14
250µm 460µJy 68µJy 7

Table 1. Estimated confusion limit for a 5m FIR facility
in comparison to Herschel.

References: [1] Puget et al. 1996, A&A 308, 5 [2] Fixsen et al.
1998, ApJ 508, 123 [3] Neugebauer et al. ApJL 278, 1 [4] Lemke
et al. 1996, A&A 315, 64 [5] Rieke et al. 2004, ApJS 154, 25 [6]
Murakami et al. 2007, PASJ 59, 369 [7] Poglitsch et al. 2010,
A&A 518, 2 [8] Gri�n et al. 2010 A&A 518, 3 [9] Condon 1974,
ApJ 188, 279 [10] Casey, Narayanan & Cooray 2014, Phys.
Rep. 541, 45 [11] Dole et al. 2004, ApJS 154, 87 [12] Béthermin
et al. 2010, A&A 516, 43 [13] Berta et al. 2011, A&A 532, 49
[14] Héraudeau et al. 2004, MNRAS 354, 924 [15] Rodighiero
et al. 2004, A&A 419, 55 [16] Kawara et al. 2004, A&A 413, 843
[17] Magnelli et al. 2013, arXiv/1311.2956 [18] Patachon et al.
2009, ApJ 707, 1750 [19] Béthermin et al. 2010, A&A 512, 78
[20] Oliver et al. 2010, MNRAS 405, 2279 [21] Clements et al.
2010, MNRAS 403, 274 [22] Béthermin et al. 2012, ApJL, 757,
23
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CALISTO	
  beam	
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  beam	
  

Caitlin	
  Casey	
  white	
  paper	
  	
  

Dashed	
  lines	
  –	
  1	
  
source	
  per	
  4	
  beams,	
  	
  
~4	
  μJy	
  per	
  this	
  model	
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CALISTO	
  Unconfused	
  in	
  3	
  Dimensions	
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  +	
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•  Based	
  galaxy	
  models	
  from	
  Chary	
  &	
  Pope	
  2010,	
  	
  
	
  (backward	
  evolving	
  from	
  Chary	
  &	
  Elbaz	
  2001,	
  L*	
  evoluGon	
  with	
  z)	
  

•  Lines	
  from	
  galaxy	
  luminosity	
  from	
  Spinoglio	
  2011	
  compilaGon	
  of	
  Spitzer,	
  ISO	
  LWS.	
  
•  CumulaGve	
  counts	
  per	
  spectral	
  spectral	
  bin	
  (here	
  numbers	
  for	
  3.15-­‐meter	
  telescope,	
  R=700,	
  

numbers	
  corrected	
  by	
  1	
  /	
  1.8	
  for	
  CALISTO.	
  

Fine-­‐structure	
  ‘line	
  counts’	
  	
  E.J.	
  Murphy	
  et	
  al.	
  

150	
  μm:	
  
1	
  per	
  110	
  
voxels	
  

350	
  μm:	
  
1	
  per	
  25	
  
voxels	
  

11	
  



Telescope	
  Concept	
  

•  Cryogenic	
  operaGon	
  (<5K)	
  a	
  key	
  requirement.	
  
•  Drives	
  to	
  an	
  L2	
  mission	
  with	
  deployed	
  mulG-­‐stage	
  V-­‐groove	
  sunshade.	
  
•  Breakaway	
  struts	
  to	
  support	
  payload	
  during	
  launch.	
  
•  Example	
  concept:	
  4x6	
  meter	
  off-­‐axis	
  with	
  secondary	
  deployed	
  on	
  hinge.	
  

–  Efficient	
  use	
  of	
  5-­‐meter	
  fairing.	
  	
  	
  	
  	
  
–  1	
  degree	
  FOV	
  possible	
  with	
  no	
  corrector.	
  

•  On	
  axis	
  also	
  possible,	
  if	
  strut	
  blockage	
  (=loading)	
  can	
  be	
  kept	
  to	
  ~1-­‐2%.	
  

 

 

3.4 CALISTO Confusion Limits 

Particularly for broadband observations, an effective limit to the depth to which one can integrate is set by the variations 
in the astronomical background, which are due to numerous, largely distant extragalactic sources.  While there has been 
considerable effort devoted to understanding the nature of the “IR Background” which has had significant success, it 
nevertheless sets limits for deep integrations.  The exact value of the “confusion limit” depends on the observing 
wavelength and telescope diameter in a fairly complex manner. To give one example, a model for the distribution of 
extragalactic sources as a function of flux density has been developed by D. Frayer, based largely on the 70 µm 
observations by Spitzer.  It predicts a 5ı confusion limit with 8 beams per source (meaning 7 out of each 8 beams 
observed on the sky would be free of any background source) equal to 5 µJy at 70 µm.  For a broadband observation 
(dȣ/ȣ = 1.0) with the NEP given above, CALISTO reaches this confusion limit in approximately 100 s of integration 
time.  This integration time is proportional to the NEP and inversely proportional to the observing bandwidth, so for 
background limited systems, the overall variation is as dȣ-0.5, so that for narrowband observations, much longer 
observations are productive, not to mention the fact that any confusing source is likely to have a redshift different than 
one for a particular source being studied.  All such numbers are somewhat uncertain, but the implication is that for 
broadband surveys with CALISTO, the confusion limit is low, and is reached relatively rapidly.  This is good news in 
that it means that large areas of the sky can be covered in a reasonable time.  It also indicates that relatively rapid 
spacecraft motion is required to take advantage of CALISTO’s extraordinary sensitivity.   

4. CALISTO MECHANICAL DESIGN 
4.1 Overall Telescope Mechanical Concept  

To minimize complexity, the CALISTO telescope has only a single simple, hinged deployment of the secondary support 
structure.  The secondary reflector itself is also mounted on a 6 degree-of-freedom actuator mechanism that can be used 
to correct for initial deployment errors and quasi-static changes in telescope shape.  Figure 14 shows CALISTO in 
deployed configuration. 

 

Figure 14.  CALISTO in deployed configuration highlighting offset optics and the multilayer sunshield. The direction to the 
sun would be approximately towards the bottom of this page. 
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~14m	
  

S.	
  Hailey-­‐
Dunsheath	
  

1	
  degree	
  FOV	
  at	
  300	
  μm	
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Telescope	
  
Concept	
  

•  Material	
  TBD,	
  but	
  sintered	
  
silicon	
  carbide	
  a	
  good	
  candidate.	
  	
  
Can	
  be	
  assembled	
  in	
  pieces.	
  

•  Surface	
  accuracy	
  requirement	
  
order	
  1	
  micron,	
  comparable	
  to	
  
what	
  was	
  achieved	
  with	
  
Herschel.	
  

•  AdapGve	
  vs	
  passive	
  telescope	
  to	
  
be	
  studied.	
  	
  	
  	
  
–  Cryogenic	
  figuring	
  costs	
  might	
  

be	
  saved	
  with	
  an	
  low-­‐
bandwidth	
  adapGve	
  system	
  
with	
  sufficient	
  authority	
  to	
  
overcome	
  thermal	
  
deformaGons.	
  

–  At	
  primary	
  or	
  pupil	
  image	
  
mirror?	
  

•  Dave	
  Redding,	
  Thursday	
  
a]ernoon.	
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InstrumentaGon	
  Strawman	
  
•  6-­‐8	
  log-­‐spaced	
  bands	
  covering	
  25	
  to	
  500	
  μm.	
  
•  Each	
  covers	
  1:1.5	
  band	
  at	
  R~500,	
  so	
  200	
  spectral	
  

resoluGon	
  elements,	
  not	
  oversampled.	
  
•  Each	
  has	
  ~100-­‐150	
  beams	
  on	
  the	
  sky,	
  so	
  20k-­‐30k	
  

detector	
  pixels	
  per	
  module.	
  
•  Naturally	
  easier	
  to	
  have	
  more	
  beams	
  at	
  the	
  

higher	
  frequencies,	
  can	
  do	
  it	
  if	
  we	
  can	
  carry	
  the	
  
detector	
  count.	
  

•  Detectors	
  at	
  the	
  photon	
  background	
  limit,	
  3e-­‐20	
  W	
  
Hz-­‐1/2.	
  
•  Need	
  not	
  be	
  fast	
  –	
  tens	
  of	
  Hz	
  OK.	
  
•  Frequency	
  domain	
  MUXed	
  in	
  groups	
  few	
  1000.	
  
•  Zmuidzinas	
  presentaGon	
  Thursday.	
  

•  ConfiguraGon	
  in	
  the	
  telescope	
  focal	
  plane	
  TBD.	
  	
  MulG-­‐
color	
  observaGons	
  of	
  a	
  given	
  field	
  possible	
  with	
  
dichroic	
  and/or	
  polarizaGon	
  beamspli:ers	
  (white	
  ovals	
  
show	
  slits	
  which	
  could	
  be	
  co-­‐pointed	
  on	
  the	
  sky).	
  

•  Spectrometers	
  will	
  require	
  modulaGon,	
  perhaps	
  
chopping	
  mirror	
  at	
  cold	
  pupil,	
  needs	
  study.	
  

•  Etalon	
  in	
  advance	
  of	
  graGng	
  backends	
  a	
  possibility	
  for	
  
R~3000-­‐5000	
  mode.	
  

•  Camera	
  modules:	
  	
  2	
  or	
  3	
  at	
  50	
  to	
  200	
  μm.	
  	
  	
  Sizes	
  show	
  
4000	
  beams	
  at	
  200	
  μm,	
  16,000	
  at	
  100	
  μm.	
  	
  Polarimetry	
  
a	
  possibility,	
  best	
  with	
  on-­‐axis	
  telescope.	
  

•  Heterodyne	
  spectrometer	
  arrays	
  –	
  discussed	
  
independently,	
  but	
  have	
  plenty	
  of	
  AΩ.	
  

>96%	
  73%	
  

Strehl	
  at	
  300	
  microns	
  

1	
  degree	
  

400μm	
  	
  

200μm	
  
camera	
  

100μm	
  
camera	
  

170	
  

250μm	
  	
  

120	
  

80	
  

56	
  

39	
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Example	
  Programs	
  

•  Individual	
  Galaxies	
  –	
  pointed	
  follow	
  up	
  spectroscopy.	
  
–  3,000	
  galaxies	
  at	
  an	
  average	
  of	
  1	
  hour	
  each	
  (e.g.	
  z=6)	
  

•  AutomaGcally	
  surveys	
  0.12	
  to	
  7	
  deg2	
  	
  (39…400	
  microns)	
  (to	
  the	
  4e-­‐21	
  depth)	
  
–  10,000	
  galaxies	
  at	
  0.3	
  hours	
  each	
  (z=2)	
  

•  AutomaGcally	
  surveys	
  0.4	
  to	
  23	
  deg2	
  	
  
–  Efficiency	
  for	
  full-­‐band	
  spectra	
  depends	
  on	
  band-­‐to-­‐band	
  mulGplexing.	
  

•  Blind	
  spectral	
  survey	
  of	
  10	
  square	
  degrees	
  (e.g.	
  2	
  fields	
  at	
  eclipGc	
  poles).	
  	
  
3000	
  hours	
  gives	
  7e-­‐21	
  W	
  m-­‐2	
  survey	
  RMS	
  at	
  40	
  μm	
  (7e-­‐22	
  W	
  m-­‐2	
  at	
  400	
  μm).	
  	
  	
  	
  	
  
–  Many	
  galaxies	
  detected	
  individually.	
  	
  	
  

•  E.g.	
  70e6	
  voxels	
  at	
  300-­‐450	
  microns,	
  ~2e6	
  have	
  detectable	
  CII,	
  LIRG	
  depth.	
  
–  Tomography	
  shows	
  clustering	
  in	
  the	
  residual	
  signal,	
  absolute	
  line	
  luminosiGes	
  

and	
  line	
  raGos	
  for	
  everything,	
  including	
  the	
  faint	
  end	
  of	
  the	
  luminosity	
  funcGon.	
  
–  For	
  wide	
  fields,	
  not	
  dependent	
  on	
  details	
  of	
  band	
  /	
  band	
  mulGplexing.	
  

•  5,000	
  protoplanetary	
  disks	
  candidates,	
  average	
  Gme:	
  1	
  hour.	
  
–  Fully	
  evoluGonary	
  range.	
  	
  	
  Distances	
  ranging	
  to	
  few	
  kpc,	
  gas	
  masses	
  down	
  to	
  0.03	
  

solar.	
  
•  Imaging	
  –	
  all	
  sky	
  at	
  100	
  microns	
  in	
  4000	
  hours	
  (4000-­‐beam	
  camera)	
  
•  Adds	
  up	
  to	
  18	
  k	
  hours.	
  

5	
  years	
  at	
  75%	
  efficiency	
  =	
  33,000	
  hours	
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Spectrometer	
  Concepts	
  –	
  1)	
  Slit	
  Fed	
  Echelle	
  GraGng	
  

•  165-­‐beam	
  long	
  slit.	
  
•  1:1.5	
  bandwidth,	
  all	
  diffracGon	
  limited.	
  
•  Dimensions	
  for	
  100	
  micron	
  central	
  wavelength,	
  R=400.	
  
•  EsGmated	
  masses	
  scaled	
  from	
  this	
  to	
  our	
  bands	
  &	
  R=500:	
  range	
  

from	
  3.5	
  kg	
  (38	
  μm)	
  to	
  27	
  kg	
  (170	
  μm).	
  

32	
  
cm	
  

30	
  cm	
  

15	
  cm	
  

S.	
  Hailey-­‐Dunsheath	
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•  Curved	
  graGng	
  in	
  parallel	
  plate	
  
waveguide.	
  	
  Single	
  polarizaGon,	
  good	
  
efficiency	
  over	
  1:1.6	
  bandwith.	
  

•  Demonstrated	
  at	
  λ=1.3	
  mm,	
  R=300	
  in	
  Z-­‐
Spec	
  at	
  CSO	
  (free-­‐space	
  propagaGon	
  
medium).	
  

•  Now	
  demonstrated	
  R=700	
  device	
  in	
  
float-­‐zone	
  silicon	
  wafer	
  with	
  warm	
  test.	
  	
  

•  End-­‐to-­‐end	
  efficiency	
  test	
  and	
  
integraGon	
  with	
  detectors	
  coming.	
  	
  	
  

•  Stack	
  these	
  into	
  quasi-­‐slit-­‐spectrometer	
  
with	
  line	
  of	
  2	
  fλ	
  feeds.	
  	
  	
  

•  Stack	
  of	
  100,	
  with	
  detectors	
  in	
  2-­‐D	
  sub-­‐
arrays	
  on	
  planar	
  facets	
  on	
  the	
  back	
  of	
  
the	
  stack:	
  	
  

•  Wafer	
  size	
  ranging	
  from	
  31	
  mm	
  to	
  71	
  
mm	
  (λ=165	
  to	
  400	
  μm).	
  

•  Mass	
  esGmate:	
  ranging	
  from	
  5	
  to	
  13	
  kg	
  
(λ=165	
  to	
  400	
  μm).	
  

Spectrometer	
  Concepts	
  (2):	
  
Silicon-­‐Immersed	
  
Waveguide	
  GraGng	
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•  Filterbank	
  pa:erned	
  in	
  Nb	
  /	
  SiN	
  /	
  
Nb	
  microstrip.	
  	
  	
  
–  Suitable	
  for	
  ν<700	
  GHz	
  
–  NbTiN,	
  could	
  extend	
  to	
  1.5	
  THz.	
  

•  Integrated	
  array	
  of	
  TiN	
  KIDs	
  
•  Demonstrated	
  R=700	
  

spectrometer,	
  so	
  dielectric	
  loss	
  
bounded	
  (Qloss	
  ~	
  1400)	
  

•  Detector	
  NEP	
  below	
  1e-­‐17	
  
•  End-­‐to-­‐end	
  system	
  sensiGvity	
  

demo	
  underway.	
  
•  Full	
  chip	
  size	
  on	
  order	
  10	
  cm2	
  for	
  a	
  

single	
  200-­‐channel	
  spectrometer.	
  
•  Can	
  be	
  arrayed	
  in	
  2-­‐D.	
  

Spectrometer	
  Concepts	
  (3):	
  
SuperSpec	
  on-­‐chip	
  
spectrometer	
  

Shirokoff	
  (Caltech	
  -­‐>	
  U.	
  Chicago),	
  	
  Hailey-­‐Dunsheath,	
  
LeDuc,	
  Bradford,	
  Zmuidzinas	
  (Caltech	
  /	
  JPL)	
  +	
  others	
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μ-­‐Spec:	
  An	
  Ultraminiature	
  Broadband	
  Submillimeter	
  Spectrometer	
  	
  
for	
  Space	
  Astrophysics	
  

The	
  high-­‐efficiency	
  μ-­‐Spec	
  instrument	
  
works	
  as	
  an	
  analog	
  to	
  a	
  graGng	
  
spectrometer	
  at	
  300-­‐750	
  GHz,	
  in	
  which	
  
phase	
  delay	
  is	
  introduced	
  on	
  
superconducGng	
  microstrip	
  transmission	
  
lines	
  on	
  a	
  low-­‐loss	
  single-­‐crystal	
  Si	
  
substrate.	
  	
  
	
  
This	
  instrument	
  would	
  enable	
  a	
  wide	
  range	
  
of	
  spectroscopy	
  missions,	
  which	
  have	
  been	
  
impossible	
  due	
  to	
  the	
  challenges	
  of	
  meter-­‐
scale	
  cryogenic	
  spectrometers	
  in	
  space	
  

Current	
  Status:	
  
•  A	
  μ-­‐Spec	
  prototype	
  with	
  R=64,	
  

including	
  all	
  the	
  spectrometer	
  
components,	
  has	
  been	
  demonstrated	
  
with	
  design	
  resoluGon	
  and	
  absolute	
  
frequency	
  in	
  the	
  laboratory	
  
environment.	
  

Future	
  plans	
  (1-­‐3	
  Years):	
  
•  Develop	
  R=256/512	
  prototypes	
  with	
  

balloon-­‐borne	
  sensiGviGes	
  	
  
•  Determine	
  the	
  path	
  to	
  developing	
  up	
  a	
  

resoluGon	
  of	
  R~1500,	
  for	
  space	
  
applicaGons	
  (300-­‐1	
  THz).	
  

R=64	
  Prototype	
  demonstraGon:	
  

~4cm	
  

PI: S. Harvey Moseley/NASA-GSFC	
  
GSFC	
  Team	
  Members:	
  Emily	
  BarrenUne,	
  Ari	
  Brown,	
  Giuseppe	
  Cataldo,	
  Negar	
  Ehsan,	
  Wen-­‐Ting	
  Hsieh,	
  Omid	
  Noroozian,	
  Thomas	
  
Stevenson,	
  Kongpop	
  U-­‐yen,	
  and	
  Edward	
  Wollack	
  



Thermal	
  Design	
  Strawman	
  
•  Closed	
  cycle	
  coolers	
  integrated	
  with	
  

passive	
  V-­‐groove	
  system,	
  including	
  
breakaway	
  struts.	
  

•  Sumitomo	
  and	
  US	
  coolers,	
  li]	
  at	
  4.5-­‐6	
  
K	
  and	
  20	
  K.	
  
–  Sumitomo:	
  2500:1	
  at	
  4	
  K,	
  450:1,	
  18	
  K	
  

•  EsGmated	
  requirements:	
  
–  4.5	
  K:	
  150	
  mW,	
  100	
  mW	
  parasiGcs	
  ,	
  

50	
  mW	
  support	
  for	
  sub-­‐K	
  coolers.	
  
–  18	
  K:	
  	
  1.5	
  W,	
  parasiGcs	
  plus	
  amplifiers	
  

•  Requires	
  2000	
  W	
  including	
  2x	
  margin.	
  
•  EnGre	
  100	
  kg	
  instrument	
  cooled	
  to	
  

50-­‐100	
  mK.	
  	
  
–  MulGple	
  opGons	
  exist,	
  both	
  ADRs,	
  

diluGon	
  systems	
  demonstrated	
  in	
  
space.	
  

–  BLISS	
  conGnuous	
  sorpGon	
  +	
  ADR	
  
demonstraGon:	
  5	
  mW	
  at	
  4.5	
  K,	
  2	
  mW	
  
at	
  1.7	
  K	
  per	
  10	
  K	
  of	
  cooled	
  mass.	
  

•  DiPirro	
  presentaGon	
  Thursday	
  

Planck Collaboration: Planck early results. II.

Solar panel

SVM

V-groove 1
V-groove 2

V-groove 3

Telescope baffle

Primary mirror

FPU

Secondary mirror

385 K

270 K

140 K
90 K
46 K

42 K

36 K

Fig. 1. Cutaway view of Planck, with the tem-
peratures of key components in flight. The solar
panel at the bottom always faces the Sun and
the Earth, and is the only part of the flight sys-
tem illuminated by the Sun, the Earth, and the
Moon. Temperature decreases steadily towards
the telescope end, due to low-conductivity me-
chanical connections and aggressive use of ra-
diative cooling. The focal plane detectors are
actively cooled to 20 K and 0.1 K.

Fig. 2. Sorption cooler system. The system is
fully redundant. One of the compressor assem-
blies, mounted on one of the warm radiator
panels, which faces cold space, is highlighted
in orange. Heat pipes run horizontally connect-
ing the radiators on three sides of the service
vehicle octagon. The second compressor as-
sembly is the black box on the right. A tube-
in-tube heat exchanger carries high pressure
hydrogen gas from the compressor assembly
to the focal plane assembly and low pressure
hydrogen back to the compressor, with heat-
exchanging attachments to each of the three
V-grooves. Colours indicate temperature, from
warm (red, orange, purple) to cold (blue).
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Downlinking	
  CALISTO	
  Data	
  

•  OpGcal	
  communicaGons	
  
promising	
  
–  622	
  Mbits	
  /	
  sec	
  

demonstrated	
  from	
  the	
  
moon	
  with	
  LADEE.	
  

–  Pushed	
  by	
  Planetary	
  
programs,	
  featured	
  in	
  
Discovery	
  call	
  

–  L2	
  a	
  good	
  opGcal	
  comm	
  
(always	
  night)	
  

•  Strawman	
  based	
  on	
  these	
  
experiences:	
  	
  1.6	
  W	
  
transmit	
  power	
  in	
  22-­‐cm	
  
telescope	
  linked	
  to	
  3-­‐meter	
  
receiver	
  on	
  Earth:	
  	
  1	
  Gbit	
  /	
  
sec	
  at	
  L2.	
  	
  (Bill	
  Farr,	
  JPL)	
  

Monolithic Silicon 
Carbide Metering 
Structure

Titanium telescope 
mounts

Silicon Carbide Primary 
mirror 

Camera Assembly

Electronics

Cover Hinge 
Assembly

Composite baffle and 
thermal shield 
assembly

Silicon Carbide 
secondary mirror 

Lightweight 
cover 
assembly: 
composite 
skins and 
honeycomb 
core

Cover Latch 
mechanism

•  Total	
  power	
  detectors	
  sampled	
  conGnuously.	
  
•  16	
  bits	
  at	
  100	
  Hz,	
  0.25M	
  pixels	
  =	
  0.5	
  Gbit	
  /	
  sec,	
  35	
  Tbits	
  /	
  day	
  	
  

(Compare:	
  Euclid	
  0.85	
  Tbits	
  /	
  day,	
  WFIRST	
  baseline	
  raw:	
  52	
  Tbits	
  /	
  day)	
  
•  Will	
  need	
  some	
  on-­‐board	
  processing	
  and/or	
  compression	
  

Deep	
  space	
  opGcal	
  transceiver	
  (33	
  kg,	
  110W)	
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CALISTO	
  Cost	
  EsGmate	
  
JPL	
  Team-­‐X	
  2008	
  

•  Should	
  be	
  revisited,	
  but	
  clearly	
  less	
  than	
  compeGng	
  flagship-­‐
class	
  faciliGes	
  (JWST,	
  LUVOIR)	
  

•  Now	
  advocaGng	
  more	
  capable	
  instrumentaGon	
  than	
  ‘08.	
  
•  Analogy:	
  Herschel,	
  $1.1	
  B,	
  Planck	
  $700	
  M	
  per	
  ESA.	
  

Table 4: CALISTO JPL 2008 Cost Estimate Breakdown

Item Cost [$M ‘08]
Management, Systems Eng., Mission Assurance 101
Payload System (primarily science instruments) 196
Flight System (incl. sunshield, telescope, coolers) 608
Operations and Ground Data System 132
Launch Vehicle 156
Assembly, Test and Launch Operations 53
Science 114
Education, Public Outreach 6
Mission Design 10
Reserves 330
Total Estimated Project Cost 1,706

15
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Why	
  a	
  Heterodyne	
  Instrument? 	
   	
  	
  
The	
  only	
  way	
  to	
  get	
  sufficient	
  frequency	
  resoluGon	
  to	
  spectrally	
  resolve	
  line	
  emission	
  
from	
  sources	
  in	
  the	
  Milky	
  Way	
  &	
  nearby	
  galaxies	
  is	
  to	
  use	
  heterodyne	
  (mixing)	
  
systems	
  
This	
  applies	
  to	
  objects	
  including	
  comets,	
  asteroids,	
  planetary	
  atmospheres,	
  
protostellar	
  disks,	
  cloud	
  cores,	
  YSO	
  dark	
  clouds,	
  YSO	
  ou�lows,	
  shocks,	
  GMCs,	
  the	
  
GalacGc	
  ISM,	
  and	
  nearby	
  Galaxies	
  
Herschel	
  HIFI,	
  and	
  SOFIA	
  GREAT	
  have	
  shown	
  potenGal	
  for	
  submillimeter	
  velocity-­‐
resolved	
  spectroscopy	
  but	
  there	
  is	
  enormous	
  potenGal	
  just	
  now	
  starGng	
  to	
  be	
  
available.	
  	
  This	
  should	
  be	
  factored	
  into	
  consideraGon	
  of	
  any	
  beyond-­‐2020	
  mission,	
  
such	
  as	
  a	
  FIR	
  Surveyor	
  
	
  
Key	
  aspects	
  	
  
•  More	
  powerful	
  and	
  flexible	
  LO	
  sources	
  
•  Greater	
  instantaneous	
  bandwidth	
  
•  Focal	
  plane	
  arrays	
  with	
  sizeable	
  pixel	
  count	
  
•  Mixer	
  operaGon	
  at	
  higher	
  temperatures	
  
•  Low	
  power,	
  broadband	
  digital	
  signal	
  processing	
  
•  MulG-­‐frequency	
  receivers	
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Some	
  Examples	
  of	
  
Resolved	
  Spectral	
  Lines	
  

0	
  	
  	
  	
  Vlsr	
  (km/s)	
  	
  	
  	
  50	
  
0	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Vlsr	
  (km/s)	
  	
  	
  	
  	
  	
  	
  	
  	
  45	
  

[CII]	
  in	
  Orion	
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Quantum	
  Cascade	
  Laser	
  (QCL)	
  	
  
Rapidly-­‐developing	
  technology	
  for	
  local	
  oscillator	
  at	
  “short”	
  submm	
  wavelengths	
  

4.7	
  THz	
  QCL	
  from	
  SRON	
  used	
  as	
  
LO	
  with	
  HEB	
  mixer	
  

•  Tuning	
  range:	
  1.5	
  GHz	
  
•  Tuning	
  coefficient:	
  2.4	
  GHz/V	
  
•  THz	
  pwr	
  output:	
  0.25	
  mW	
  
•  DC	
  power	
  requirement:	
  0.8	
  W	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  @	
  15	
  K	
  
•  OperaGng	
  Temp.:	
  up	
  to	
  77	
  K	
  
QCL	
  used	
  in	
  4.7	
  THz	
  channel	
  for	
  
upGREAT	
  instrument	
  on	
  SOFIA	
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(a)
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Kloosterman	
  et	
  al.	
  APPLIED	
  PHYSICS	
  LETTERS	
  (2013)	
  

J.R.	
  Gao	
  TNW	
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Jet Propulsion Laboratory 
California Institute of Technology 

GaAs	
  Terahertz	
  Frequency-­‐MulUplied	
  Sources	
  

Room-­‐temperature	
  Scho_ky	
  diode	
  based	
  mulUplied	
  sources	
  
	
  

	
  	
  

26	
  



Jet Propulsion Laboratory 
California Institute of Technology 1 

Fourier Phase grating to generate 2x2 LO beams  

Incoming single beam Output  2x2 beams  

Demonstrated experimentally at 1.4 and 5.3 THz at SRON/TU Delft   

Reflective Fourier phase grating  

Material: Al 
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Jet Propulsion Laboratory 
California Institute of Technology 

More	
  than	
  10	
  uW	
  
per	
  pixel	
  measured	
  

20	
  cm	
  x	
  20	
  cm	
  x	
  10	
  cm	
  

4-­‐Pixel	
  1.9	
  THz	
  Local	
  Oscillator	
  Subsystem	
  

J.	
  Siles	
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Jet Propulsion Laboratory 
California Institute of Technology 

Extending	
  Array	
  Architecture	
  to	
  16	
  pixels	
  

225 GHz tripler 
module 

1.9 THz + 650 GHz 
 tripler modules 

Flange  
adapter 

HRL GaN Power 
Amplifiers (x4) 

Coax-WR28 
Adapters 

4-way 
waveguide 

power-divider 

JPL GaAs W-
band PreAmp 

Pout	
  >	
  5	
  uW/pixel	
  

J.	
  Siles	
  &	
  Imran	
  Mehdi	
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Jet Propulsion Laboratory 
California Institute of Technology 

Mapping	
  Speed	
  with	
  Heterodyne	
  Array	
  

Assume	
  equivalent	
  5m	
  dia	
  telescope	
  
Main	
  beam	
  solid	
  angle	
  =	
  9e-­‐10	
  sr	
  +.	
  3.3e5	
  beams/sq.	
  deg.	
  
	
  
Assume	
  Tsys	
  =	
  2000	
  K(SSB)	
  
Δv	
  =	
  2.4	
  km/s	
  (16	
  MHz)	
  
t	
  	
  	
  	
  =	
  25	
  s	
  (no	
  overhead	
  and	
  OTF	
  with	
  shared	
  longer	
  REF	
  pos)	
  
	
  
ΔT	
  =	
  0.1	
  K	
  rms	
  (good	
  for	
  GalacUc	
  survey)	
  
	
  
TIME	
  =	
  2292	
  hr/Npix	
  per	
  square	
  degree	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  =	
  143	
  hr/sq.	
  deg.	
  for	
  16	
  pixels	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  =	
  	
  	
  36	
  hr/sq.	
  deg.	
  for	
  64	
  pixels	
  
	
  
With	
  64	
  pixel	
  array	
  for	
  [CII]	
  
	
  2000	
  hr:	
  	
  60o	
  x	
  1o	
  map	
  of	
  GalacUc	
  plane	
  with	
  8”	
  resoluUon	
  
	
  	
  	
  ~30	
  hr:	
  	
  map	
  of	
  LMC	
  (2	
  pc	
  resoluUon)	
  
	
  	
  	
  	
  	
  	
  ~9	
  hr:	
  	
  full	
  map	
  of	
  M51	
  (30	
  pc	
  resoluUon)	
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MgB2	
  Hot	
  Electron	
  Bolometer	
  Mixer	
  for	
  High	
  
ResoluUon	
  THz	
  Spectroscopy	
  

Tc	
  =	
  40	
  K	
  

D.	
  Cunnane,	
  J.	
  Kawamura,	
  and	
  B.	
  Karasik	
  (JPL)	
  
M.	
  Wolak,	
  N.	
  Acharya,	
  T.	
  Tan,	
  and	
  X.X.	
  Xi	
  (Temple	
  Uni.)	
  	
  
	
  

•  The	
  IF	
  bandwidth	
  exceeds	
  that	
  in	
  SOA	
  NbN	
  HEB	
  by	
  a	
  
factor	
  of	
  2.5-­‐3	
  

•  TM	
  =	
  3,900	
  K	
  so	
  far;	
  a	
  much	
  be_er	
  TM	
  is	
  expected	
  
with	
  new	
  6-­‐nm	
  thick	
  films	
  and	
  in-­‐situ	
  Au	
  antenna	
  

Proc.	
  SPIE,	
  Vol.	
  9153,	
  91531Q	
  (2014)	
  ASC2014,	
  1EOr1C-­‐02.	
  [Invited]	
  	
  

15	
  nm	
  thick	
  film	
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Spectrometer	
  for	
  Heterodyne	
  Receivers	
  

This	
  has	
  been	
  an	
  issue	
  at	
  mm/submm	
  wavelengths	
  because	
  of	
  required	
  large	
  
bandwidth	
  and	
  mulGplicity	
  of	
  lines	
  
	
  
SoluGons	
  have	
  included	
  filterbanks	
  (typically	
  used	
  on	
  atmospheric	
  sounders),	
  chirp	
  
spectrometers	
  (low	
  power;	
  used	
  on	
  planetary	
  missions),	
  and	
  acousto-­‐opGcal	
  
spectrometers	
  (complex,	
  heavy;	
  used	
  on	
  SWAS	
  (SMEX)	
  and	
  Herschel/HIFI)	
  
Digital	
  signal	
  processing,	
  offering	
  many	
  advantages,	
  is	
  now	
  feasible	
  but	
  FPGA	
  
approach	
  is	
  relaGvely	
  power	
  hungry	
  (~4W/GHz	
  BW)	
  
Ideal	
  technology	
  is	
  custom	
  VLSI	
  using	
  technology	
  developed	
  for	
  cell	
  phones	
  and	
  
other	
  communicaGons	
  systems	
  
Dr.	
  Adrian	
  Tang	
  at	
  JPL	
  has	
  unique	
  partnership	
  with	
  UCLA	
  team	
  and	
  Qualcomm	
  for	
  
development	
  of	
  CMOS	
  VLSI	
  chips	
  for	
  NASA	
  applicaGons	
  
	
  
	
  “SPECTROCHIP	
  II”	
  has	
  1000	
  MHz	
  bandwidth,	
  512	
  spectral	
  channels,	
  includes	
  
digiUzer,	
  data	
  accumulator,	
  and	
  USB	
  output	
  interface	
  
5x10cm	
  size	
  on	
  board	
  with	
  support	
  circuitry;	
  200mW	
  DC	
  power	
  
	
  
Next	
  generaUon	
  (Dec	
  2015)	
  will	
  have	
  ≥	
  2	
  GHz	
  bandwidth,	
  8K	
  channels	
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Dichroic	
  Plates	
  Enable	
  a	
  MulU-­‐Frequency	
  Receiver	
  

SchemaGc	
  showing	
  how	
  wire	
  grid	
  polarizer	
  &	
  dichroic	
  plates	
  could	
  be	
  used	
  in	
  a	
  
mulG-­‐frequency	
  dual-­‐polarizaGon	
  focal	
  plane	
  array	
  receiver.	
  



Recent	
  technological	
  development	
  make	
  possible	
  mulGpixel	
  high-­‐bandwidth	
  
heterodyne	
  receivers	
  with	
  tunable	
  LO’s	
  and	
  low-­‐power	
  digital	
  spectrometers	
  
	
  
These	
  can	
  be	
  most	
  effecGvely	
  deployed	
  for	
  spectral	
  imaging	
  of	
  astronomical	
  
sources	
  where	
  velocity	
  resoluGon	
  of	
  1	
  km/s	
  to	
  few	
  km/s	
  is	
  jusGfied	
  
	
  
A	
  plausible	
  heterodyne	
  instrument	
  for	
  FIR	
  Surveyor	
  could	
  have	
  16	
  to	
  64	
  pixel	
  
arrays	
  for	
  H2O,	
  [CII],	
  HD,	
  [OI]…	
  
	
  
A	
  key	
  quesGon	
  is	
  which	
  lines	
  with	
  what	
  priority,	
  and	
  how	
  many	
  pixels	
  vs.	
  how	
  
much	
  frequency	
  coverage	
  
	
  
MulG-­‐frequency	
  (simultaneous)	
  operaGon	
  offers	
  many	
  advantages	
  including	
  
faster	
  mapping	
  speed	
  &	
  improved	
  ability	
  to	
  study	
  variable	
  sources	
  

Summary	
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Telescope	
  Concept	
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CALISTO	
  Tables	
  

Table 2: CALISTO Approximate Confusion Limits and Mapping Speeds

� Herschel �C estimated �C ⌫L⌫ z=2 ⌫L⌫ z=5 NEFinst 5⇥time 5⇥time per sq deg
µm mJy mJy L� L� mJy

p
s s h

50µm 0.016 0.004 2.9e9 2.6e10 0.015 70 15
100µm 0.15 0.038 1.3e10 1.2e11 0.024 2.1 0.11
200µm 1.39 0.35 6.1e10 5.5e11 0.051 0.11 1.4e-3
Notes: Herschel �C values are based on a power law implied by the 100 and 160µm map RMS values in PACS deep fields
(Magnelli et al., 2013 [46]). We simply reduce this by a factor of 4 to obtain an estimated �C for CALISTO. Luminosity
densities are then provided for 5⇥ this depth, for z=2 and z=5. NEFinst is the raw instrument sensitivity. Times to confusion
limit are conservatively estimated at 5⇥ the time required for the instrument per-beam RMS to equal �C . The time to a square
degree assumes a 4000-beam camera.

shows the estimated confusion RMS, obtained by simply reducing the Herschel PACS measured confusion limit (Mag-
nelli et al., 2013 [46])by a factor of 4. This is a conservative since at these fluxes, the counts are becoming shallow,
allowing the depth to be increased quickly with reduced beamsize. Some estimates suggest that the 100µm confusion
limit is 10⇥ deeper at 5-m than at 3.5 m (see the white paper by Caitlin Casey et al. in this submission). The last two
columns in Table 2 show 5⇥ the integration time to reach this estimated confusion RMS, first per beam, and then per
square degree, assuming a modest 4000-beam camera. The factor of 5 insures ample margin in the time estimate, and
assures that instrument noise is sub-dominant to confusion. At 100µm, the 38µJy depth corresponds to a Milky-Way
type galaxy at z=2, well below the knee in the luminosity function for the peak of SF activity; this means that the bulk
of the light is thus resolved into sources. The speed in this band is impressive; a full sky survey at 100µm looks to be
within reach in a ⇠ 4000 hour survey with the strawman 4000-beam camera.

For nearby galaxies and the Milky Way, the continuum sensitivity at the short far-IR wavelengths is a powerful
probe of tiny amounts of interstellar dust, complementing the gas-phase disk and ISM studies described above. At the
distance of the Magellenic Clouds, for example, the sensitivity translates to 10�3 earth masses of dust. This opens the
possibility to to carry out an essentially complete survey of extragalactic debris disks around solar-type stars in the
Clouds.

3.1 Origin and Evolution of the Solar System studied with Trans-Neptunian Objects
Finally, we highlight a unique capability that CALISTO imaging provides for study of our Solar System’s origins. The
majority of small bodies in the solar system reside between 30 and 50 AU and are referred to as the Trans Neptunian
Objects, or TNOs. These minor planets represent material from the origin of the solar system, unmodified by its
subsequent evolution. They are the source of the short-period comets which deliver volatile materials to the inner solar
system [3]. TNO orbital inclinations can be impacted by resonances with Neptune, and a census of TNO positions
and orbital motions out to 100 AU provides information about the dynamical history of the outer solar system. These
measurements have been difficult with optical-wavelength detection techniques, as the albedos can be small. With
its excellent sensitivity in the deep thermal IR (e.g. ⇠100µm), CALISTO can probe the thermal emission of TNOs
directly, reaching for example 140 km objects at 100 AU, deeper than existing optical surveys. Increased depth should
be possible by looking for objects which move from observation to observation to observation in a given field; this
should overcome the confusion limit. A second aspect to consider is the ability to detect halos of dust or possibly gas,
some theories point to sublimation driven by CO even at several tens of AU [48]. Any such measurements of early
cometary activity would constrain mass-loss rates, and the abundance of rarely-observed extremely-volatile species
that may be relatively depleted in short-period comets

4 Architecture Choice
The scientific goals outlined above require excellent spectroscopic sensitivity, both for point sources and mapping,
with full coverage between the 28µm cutoff of JWST MIRI and the onset of the ground-based windows at ⇠600µm.
Accessing the earliest galaxies and most-evolved lowest-mass protoplanetary systems requires a line sensitivity of
10�20 Wm�2, large instantaneous bandwidth, and moderate spectral resolving power (R = ��/� � 500). The
requirement for ultimate sensitivity demands maximum collecting area, low telescope background, and high efficiency.
Blind spectroscopic surveys over large fields will also be a part of the program, so the observatory must have enough
throughput (A⌦) to make use the large-format array technology now available. These crucial attributes are summarized
in Table 3.

8

Table 1: CALISTO Spectrometer Backends: R=500 Strawman Design

Parameter 40µm 120µm 400µm Scaling w/ De↵

Dominant background zodi dust zodi. + gal. dust tel. + CMB ...
Photon-noise limited NEP [WHz�1/2] 3e-20 3e-20 4e-20 ...
Beam size 1.900 5.900 1900 / D�1

Instantaneous FOV [sq deg] 4.0e-5 3.8e-4 2.3e-3 / D�2

Line sensitivity Wm�2, 5�, 1h 4.2e-21 3.3e-21 3.2e-21 / D�2

Pt. sce. mapping speed [deg2/(10�19Wm�2)2/sec] 1.6e-4 2.4e-3 1.6e-2 / D2

Surface bright. sens. per pix [MJy/sr
p
sec] 4.2 1.1 0.33 / D0

Notes: Sensitivities assume single-polarization instruments with a product of cold transmission and detector efficiency of 0.25
in a single polarization, and an aperture efficiency of 0.75. FOV estimate assume slit widths of 165 �/D for the 40 and 120µm
examples, and 100 individual single-beam spectrometer backends for the 400µm case.

2.3 Tomographic Intensity Mapping: Measuring Clustering and Absolute Cosmic Line In-
tensities.

In addition to studying individual galaxies, the large-throughput wide-band spectrometers on CALISTO will carry out
blind 3-D intensity mapping, or tomography, using the bright far-IR fine-structure transitions described above (espe-
cially NeII, OI, OIII and (for z < 2) CII). This is an emerging technique that has grown out of the 21-cm tomography
experiments and instruments targeting early-Universe CO and CII from the ground are now under development. As
outlined in Visbal & Loeb 2010 [68, 69], Gong et al., 2011, 2012, 2013 [29, 28, 27], and Uzgil et al., 2014 [67] these
datasets will reveal 3-D clustering due to large scale structure, even when individual galaxies are not detected. The
amplitude of the clustering signal is the product of the galaxy to dark matter bias and the total mean intensity of a
given spectral feature. With reasonable assumptions about the bias, this measurement can then can thus probe the total
cosmic luminosity of each of the fine-structure transitions as a function of time, with a built-in redshift precision not
available to the continuum surveys. It is a promising approach both for assessing the contributions of faint galaxies,
particularly important early in the Universe’s history. For good sensitivity to the large-scale signal, mapping over
⇠1–2 square degrees, with large depth in redshift provided by the spectrometer is sufficient; as Table 1 shows, this is
possible for CALISTO with the high-throughput spectrometer.

2.4 Galaxy Archeology and Cycling of Matter in the Milky Way and Nearby Galaxies
Observations of the distant Universe are, by necessity, interpreted in the context of the Milky Way and nearby galaxies.
These provide the windows into the details of the astrophysical processes that drive galaxy evolution: cycling of matter
between stars and the interstellar medium (ISM), self-regulation of star formation, formation of stars on galaxy scales,
and feedback from central AGN. With its exquisite surface brightness sensitivity (Table 1, 5th row), CALISTO will
provide unparalleled mapping speed for integrated line and continuum emission with useful angular resolution (e.g. 800
at 158µm gives 300 pc resolution at 10 Mpc, or 1 kpc resolution at 25 Mpc). As noted above, the 35 to 600µm region
of the spectrum has a number of key transitions for the cooling of the neutral and molecular gas and the probing of
ionized material: namely the bright fine structure transitions of [CII], [OI], [NII], [OIII], possibly [CI] (depending on
the long-wavelength cutoff) and CO and H2O among others.

PACS on Herschel gave us a flavor for the type of science that these observations enable. In particular, studies have
shed considerable light on how and where emission from [CII] is produced in the Milky Way and how and why it
is a useful tracer of star formation [? ? ]. But these observations have been limited by the low mapping speed and
sensitivity, yielding only very sparse samples.

The sensitivity of CALISTO will be a huge leap forward. The angular resolution of 800 corresponds to 0.16 pc at
5 kpc, so can distinguish diffuse regions from cloud surfaces at this distance. But the biggest advance will be in
sensitivity and mapping speed. The surface brightness sensitivity is independent of beamsize (thus telescope aperture)
and can be translated directly into column density sensitivity for a given species if the gas excitation known (e.g.
Crawford et al., 1985 [17], Madden et al., 1997 [45]). For example, for [CII] in atomic gas at T = 100 K, nH = 10 cm�3

(so [CII] is sub-thermally excited), CALISTO can detect (5�) a column of NH = 1.8⇥1019 cm�2 in 100 sec. A similar
result is obtained for ionized gas with an electron density of only 0.05 cm�3 (so [CII] is again sub-thermal). Denser
gas is of course much easier to detect per unit column density. This sensitivity is multiplexed both spatially (⇠100
beams) and spectrally (full-band coverage), so that by rastering CALISTO’s multi-beam spectrographs, it will be
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Figure 15
Comparison of the best-fit star-formation history (thick solid curve) with the massive black hole accretion
history from X-ray [red curve (Shankar et al. 2009); light green shading (Aird et al. 2010)] and infrared (light
blue shading) (Delvecchio et al. 2014) data. The shading indicates the ±1σ uncertainty range on the total
bolometric luminosity density. The radiative efficiency has been set to ϵ = 0.1. The comoving rates of black
hole accretion have been scaled up by a factor of 3,300 to facilitate visual comparison to the star-formation
history.

large-scale galactic outflows and quenching star formation (Di Matteo et al. 2005), or just modifies
gas dynamics in the galactic nucleus (Debuhr et al. 2010).

Here, we consider a different perspective on the link between the assembly of the stellar
component of galaxies and the growth of their central black holes. The cosmic mass accretion
history of massive black holes can be inferred using Soltan’s argument (Soltan 1982), which relates
the quasar bolometric luminosity density to the rate at which mass accumulates into black holes,

ρ̇BH(z) = 1 − ϵ

ϵc 2

∫
Lφ(L, z)dL, (21)

where ϵ is the efficiency of conversion of rest-mass energy into radiation. In practice, bolometric
luminosities are typically derived from observations of the AGN emission at X-ray, optical or IR
wavelengths, scaled by a bolometric correction. In Figure 15, several recent determinations of
the massive black hole mass growth rate are compared with the cosmic SFRD (Equation 15). Also
shown is the accretion history derived from the hard X-ray LF of Aird et al. (2010), assuming a
radiative efficiency ϵ = 0.1 and a constant bolometric correction of 40 for the observed 2–10 KeV
X-ray luminosities. This accretion rate peaks at lower redshift than does the SFRD and declines
more rapidly from z ≈ 1 to 0. However, several authors have discussed the need for luminosity-
dependent bolometric corrections, which in turn can affect the derived accretion history (e.g.,
Marconi et al. 2004, Hopkins et al. 2007, Shankar et al. 2009). Moreover, although the hard X-ray
LF includes unobscured as well as moderately obscured sources that may not be identified as AGN
at optical wavelengths, it can miss Compton thick AGN, which may be identified in other ways,
particularly using IR data. Delvecchio et al. (2014) have used deep Herschel and Spitzer survey
data in GOODS-S and COSMOS to identify AGN by SED fitting. This is a potentially powerful
method but depends on reliable decomposition of the IR emission from AGN and star formation.

Black hole mass growth rates derived from the bolometric AGN LFs of Shankar et al. (2009)
and Delvecchio et al. (2014) are also shown in Figure 15. These more closely track the cosmic
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Figure 2. Intensity of fine-structure line emission as a function of observed wavelength for the empirical model based on the B11 luminosity function. Intensities of
CO lines, which are not included in the IR luminosity relations from Spinoglio et al. (2012), were estimated using a luminosity scaling provided by Carilli (2011) for
CO(1–0) and the relative intensities of the higher-J lines in Bothwell et al. (2013).
(A color version of this figure is available in the online journal.)

shape of the IR luminosity function and consider an alternative
line-to-IR luminosity ratio (depicted as the dotted curves in
Figure 1).

Next, it becomes possible to write the cosmic mean intensity
and shot noise of the line, in units of Jy sr−1, as a function of
redshift based on the B11 luminosity function and Spinoglio
et al. (2012) Li–LIR relation as

S̄i(z) =
∫

dlogLIRΦ(LIR, z)
fiLIR

4πD2
L

yD2
A,co (7)

P shot
i,i (z) =

∫
dlogLIRΦ(LIR, z)

(
fiLIR

4πD2
L

yD2
A,co

)2

, (8)

where the limits of integration are over the full range of expected
IR luminosities, i.e., 108 to 1013 L⊙, and fi, i.e., Li(LIR)/LIR, is
the fraction of IR luminosity emitted in line i, as computed from
Equation (3). In other words, we have written S̄i and P shot

i,i (z) as
the first and the second moments of the luminosity function.

The resulting mean intensities for a variety of far-IR lines
are plotted in Figure 2 as a function of redshift and observed
wavelength. S̄i versus λobs can be interpreted as identifying the
dominant source of fluctuations, according to our model, of a
given wavelength. As a specific example, if the target line of an
observation is [O i] 63 µm at z = 1, it is necessary to distinguish
between the target line and interlopers like [O iii] 88 µm from
z = 0.4 and [O iii] 52 µm from z = 1.4, which contribute power
at the observed wavelength. Visbal & Loeb (2010) showed how
the cross spectra can be used to differentiate between a target
line and a contaminating line (or “bad line,” in their words),
since emitters at different redshifts will be spatially uncorrelated.
For the observed wavelengths of [C ii], however, it is apparent
from Figure 2 that with the exception of contributions from
[O iii] 88 µm and CO(8–7) near [C ii] at z ∼ 0.01 and z > 2,
respectively, the [C ii] line is relatively unaffected by interloper
lines—a result of its luminosity and spectral isolation. It is for
this practical reason and for the astrophysical significance of
[C ii] mentioned in the Introduction that we focus the remainder
of this paper largely on [C ii] emission.

Figure 3. Fraction of total [C ii] mean intensity as a function of lower limit in
the luminosity function. Different color curves represent different redshifts, as
labeled on the plot.
(A color version of this figure is available in the online journal.)

2.3. [C ii] Luminosity Functions and Expected Power Spectra

As laid out in Equations (1) and (2), P clust
[C ii],[C ii] is sensitive

to intensity fluctuations from the full range of normal (LIR <
1011 L⊙) to ULIRG-class (LIR > 1012 L⊙) systems because its
amplitude is proportional to the mean line intensity, squared.
The information contained in a power spectrum of individually
detected galaxies is, in contrast to the line intensity mapping
approach, necessarily limited to galaxies which are above a
certain detection threshold, or LIR,min. Figure 3 shows the
integrated luminosity functions for [C ii] in our model, which
gives a sense of the depth that a galaxy survey must reach in
order to completely probe the full integrated [C ii] emission,
i.e., all of S̄i . In this section, we examine the role of the various
luminosity ranges on the amplitude of the observed [C ii] power.

4
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Figure 5. Left: predicted [C ii] power spectra with error bar estimates from z = 0.63 to z = 1.48 for the fiducial balloon experiment and with a total observing time of
450 hr. Dotted curves indicate power from clustering (including contributions from linear and nonlinear terms) and dashed curves indicate the contribution from shot
noise power. Right: [C ii] power spectrum expected at z = 1.48 with error bar estimates for the fiducial cryogenic satellite experiment.
(A color version of this figure is available in the online journal.)

Table 2
Parameters for Envisioned Experimental Platforms

Dap (m) 2.5
R = λobs/∆λ 450
Number of spectral channels 64
N

spatial
instr (instantaneous spatial pixels) 25

t
survey
obs (hr) 450

zcen for [C ii] 0.63 0.88 1.16 1.48
Wavelength range (µm) 240–276 276–317 317–365 365–420
Vvoxel (Mpc3 h−3) 0.36 0.81 1.59 2.87
Apix (Mpc2 h−2) 0.044 0.096 0.19 0.35
∆rvox

los (Mpc h−1) 7.8 7.8 7.7 7.5
S̄[C ii] (Jy sr−1) 4.56 ×103 6.33 × 103 4.05 ×103 2.55 ×103

Atmospheric Balloon

Asurvey (deg2) 1 1 1 1
σN (107 Jy sr−1 s1/2) 3.4 2.1 1.5 1.0
Line sensitivity, Sγ (10−18 W m−2 s1/2) 15.8 11.3 9.20 7.10
ferr 160 63 61 56

Cryogenic Satellite

Asurvey (deg2) 1,000 1,000 1,000 1,000
σN (107 Jy sr−1 s1/2) 0.030 0.034 0.039 0.043
Line sensitivity, Sγ (10−18 W m−2 s1/2) 0.139 0.185 0.240 0.306
ferr 45 32 50 77

∆log(k) = 0.3 for this analysis.) We restrict the mode counting
to the upper half plane in k space, so as not to overestimate the
number of independent modes sampled.

The total S/N, in turn, is calculated from the expression

S/Ntot =

√√√√∑

bins

(
Pi,i(k)
σ (k)

)2

. (12)

The expected [C ii] power spectrum, with corresponding
predictions for S/N, at the same redshifts from Figure 4 are
shown in Figure 5. In calculating the power spectrum sensitivity
for these power spectra, the two lowest line-of-sight modes
and the lowest transverse mode are not included, since these
modes will likely be compromised by the necessity of continuum
foreground subtraction and beam-differencing in the fluctuation

analysis. (The exact effect of continuum subtraction will need
to be modeled via simulation.)

Table 2 shows our instrument concepts. We specify a 25 beam
grating spectrometer covering the 240–420 µm band, each with
64 R = 450 spectral channels operating near the photon
background limit, illuminated with a 2.5 m telescope. We
consider a balloon experiment for which the photon background
is due to 1% emissivity in the atmosphere (a conservative
average value) and 4% in the telescope. A 450 hr integration (as
might be obtained in a long duration balloon flight) over 1 square
degree with this system results in the σN , ferr, and line sensitivity
values tabulated. We also consider a similar instrument on a
cryogenic space-borne platform. The sensitivity in this case is
obtained by specifying a detector sensitivity which is equal to
the photon background noise, so that the quadrature sum is√

2 times the photon noise. The photon background is taken
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lower integration time (i.e., greater noise) per voxel, and
SNR decreases. The lack of significant change in SNR
when including or excluding cosmic variance in the error
budget for the balloon experiment indicates that the sur-
vey is not cosmic-variance limited. We do not consider
surveys with areas less than a square degree because this
prohibits measurement of power on large physical scales
(cf. top panel of Figure 6).
To better demonstrate how the observational parame-

ters drive the behavior of SNR, we rewrite P
N

in terms of
the parameters from Table 1 (where the units of A

survey

have been converted to physical area in units of Mpc2

h�2) giving

P
N

=
�
�2

N

A
pix

�rvox
los

�
/

 
tsurvey
obs

n
beams

/Nspatial

instr

!

=
�
�2

N

A
pix

�rvox
los

�
/

 
tsurvey
obs

Nspatial

instr

A
survey

/A
pix

!

= �2

N

�rvox
los

A
survey

tsurvey
obs

Nspatial

instr

(13)

In this form, it becomes apparent that—with fixed num-
ber of spatial pixels, spectral resolution, and total ob-
serving time—the only factor driving up the amplitude
of noise power is the survey area; the e↵ect of increas-
ing aperture only allows access to higher wavenumbers,
which is important for subtracting the shot noise from
the total power to reveal the clustering.

3.2. Measuring Line Luminosity Density Over Cosmic
Time

As noted above, intensity mapping is naturally sen-
sitive to the full range of galaxy luminosities through
the mean intensity, which is imprinted in the linear (2-
halo) clustering term. Shot noise must be accurately
subtracted, and this should be straightforward given the
high SNR in the shot-noise dominated k bins (Figure 5).
Next, per Equation 1, a measurement of the clustering
power in the line emission directly constrains the product
S̄2

i

b̄2
i

. To extract S̄
i

, it is necessary to divide out P
�,�

(k, z)
and b̄2

[CII]

(z). The confidence with which these are a pri-

ori known quantities becomes lower as k increases. For
example, the 1-halo power spectrum for DSFGs appears
to be dependent on the IR luminosity of the contributing
sources (Viero et al. 2012), indicating the need to map
su�ciently wide areas that access k modes where the
power is largely independent of the level of 1-halo power.
In the case of the galaxy bias, measurements of the an-
gular dependence of the clustering can, in principle, be
used to independently solve for b̄

i

via the anisotropy in
the angular power spectrum induced by redshift space
distortions, as suggested in Lidz et al. (2011).
Returning to Figure 6 (top panel), we see that, for

the purpose of measuring S̄
[CII]

with the fiducial survey
of 1 deg2 with the balloon experiment, there are two k
bins (k = 0.16 and 0.32 h/Mpc) in which the 2-halo
clustering accounts for at least 80% of the total power.
(A survey with 10 deg2, also shown in Figure 6, is wide
enough to have three k bins available in the linear regime,
but the sensitivity on the additional mode with tsurvey

obs

=
450 hours is marginal.) Thus, in considering the case of

A
survey

= 1.0 deg2, we find that it is possible to mea-
sure the co-moving [CII] luminosity density, ⇢

[CII]

(z), in
physical units of L� (Mpc/h)�3,

⇢
[CII]

(z) =

Z
dlogL

IR

�(L
IR

, z)f
[CII]

L
IR

(14)

= S̄
[CII]

4⇡�
[CII],rest

H(z), (15)

within ⇠ 10% accuracy from z = 0.63 to z = 1.48, as
depicted in Figure 7. Here, the fractional uncertainty
on ⇢

[CII]

(z) (or, equivalently, on S̄
[CII]

(z) via the map-
ping described in Equation 15) has been calculated ac-
cording to standard error propagation as half the frac-
tional uncertainty on P

[CII],[CII]

(k, z), so that the SNR
on S̄

[CII]

(z) is twice the SNR on the clustering power
spectrum, P clust

i,i

(k, z):

SNR on S̄
[CII]

= 2⇥

vuut X

linear k�bins only

 
P clust

i,i

(k)

�
clust

(k)

!
2

,

(16)
where �

clust

is merely the shot-noise subtracted version
of Equation 11, or, explicitly,

�
clust

(k) =

s�
P clust

i,i

(k) + P
N

(k)
�
2

N
modes

(k)
(17)

In Figure 7, we also include, for comparison, an esti-

Figure 7. Error bar estimates on ⇢[CII], as measured by the fidu-
cial balloon experiment, at redshifts z = 0.63, 0.88, 1.16, and 1.48.
Errors in z correspond to the redshift space spanned by the spec-
trometer bandwidth. The solid blue curve is the underlying, fidu-
cial Béthermin-Spinoglio model for [CII] luminosity density. The
luminosity density of other bright IR lines, also from the fiducial
model, are shown as the dashed colored curves, and the dotted
curve is an estimate for ⇢[CII] based on the fit to SFRD(z) pro-
vided by Hopkins & Beacom (2006), where we have used constant
ratios of L[CII] to L

IR

equal to 0.001 (bottom curve) and 0.003
(top curve) to convert from IR luminosity density to [CII] lumi-
nosity density. Note that one can distinguish the di↵erent cosmic
[CII] emission histories with the fiducial balloon experiment.

mate for ⇢
[CII]

(z) based on the analytic fit to SFRD(z)
provided by Hopkins & Beacom (2006) and flat ratios
of L

[CII]

/L
IR

= 0.001 and 0.003. (For this purpose, we
use the standard relation between SFRD and infrared
luminosity described in Kennicutt (1998).)
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PAPER (Parsons et al. 2013), MWA (Tingay et al. 2013))
because intensity mapping is the only means of studying
the intergalactic HI light. [CII] later emerged as an EoR
intensity mapping candidate since it both o↵ers a way
to probe the clustering of sources from the faint-end of
the luminosity function, and provides an opportunity for
cross-correlation with the HI datasets (Gong et al. 2012).
In addition to tracing large-scale structure, [CII] also

contains astrophysical information about the conditions
in star-forming galaxies. With an ionization potential
of 11.6 eV, it arises in both ionized and neutral atomic
gas. Empirically, it is an important coolant, often the
brightest single line in the spectrum of a star-forming
galaxy, emitting as much as 0.5–1% of the total far-IR
luminosity (Malhotra et al. 1997; Luhman et al. 1998;
Stacey et al. 2010; Graciá-Carpio et al. 2011). The ratio
of the [CII] luminosity to the total bolometric luminosity
can be used as a diagnostic tool that provides: (1) a
measure of the star-formation activity, (2) a measure of
the spatial extent (or “mode”) of star formation, and
(3) an AGN/starburst discriminant (Hailey-Dunsheath
et al. 2010; Stacey et al. 2010; Graciá-Carpio et al. 2011;
Sargsyan et al. 2012; Dı́az-Santos et al. 2013).
The broader suite of far-IR lines probes all phases

of the interstellar medium, and the negligible optical
depth of galaxies at far-IR wavelengths ensures that
even the most heavily embedded regions where stars
form and black holes grow are revealed. For the
atomic and ionized medium, the key far-infrared emis-
sion lines are those of C, N, & O (e.g., [OI]63µm,
146µm, [CII]158µm, [OIII]52µm, 88µm, [NIII]57µm, and
[NII]122µm, 205µm). The emitting species cover more
than an order of magnitude in ionization potential and
they strongly constrain the density and temperature of
the ionized and neutral gas, and the strength and hard-
ness of the interstellar radiation field. These physical pa-
rameters then reveal the relative importance of the black
hole vs. the hot young stars to the overall energy budget,
and constrain the stellar e↵ective temperatures (Rubin
1985; Dale et al. 2004; Colbert et al. 1999; Malhotra et al.
2001; Ferkinho↵ et al. 2011; Lebouteiller et al. 2012, e.g.).
The suite of carbon, oxygen and nitrogen transitions also
measure abundances (Garnett et al. 2004; Lester et al.
1987; Nagao et al. 2011).
Line intensity mapping experiments targeting the fine-

structure metal lines at post-Reionization redshifts can
o↵er a proof of principle of the approach, similar to mea-
surements of the HI autocorrelation power spectrum at
z ⇠ 0.8 (Chang et al. 2010; Switzer et al. 2013), and
provide a complete census of galaxies during an impor-
tant phase in the star formation history of the Universe.
While the redshifted far-IR lines are not accessible from
the ground in this redshift range, a balloon- or space-
borne intensity mapping experiment with broad wave-
length coverage can in principle measure the mean inten-
sities of these lines through cosmic time, thereby charting
the evolution of the star-formation conditions in galaxies
in an absolute, aggregate sense. Here we consider a first
step in this direction: a measurement of [CII] autocorre-
lation in multiple bins through the 0.5 < z < 1.5 epoch.
[CII] and far-IR lines in general ought to be particularly
well-suited to this time frame, as z ⇠ 1.5 is believed to
be the peak in the dust attenuation in galaxies, when
roughly 80% of the cosmic star formation rate density

is obscured and captured only in the infrared emission
of re-processed starlight by dust grains (Burgarella et al.
2013). From a practical standpoint, [CII] in this epoch
is relatively free of interloper lines, as will be shown.
The organization of this paper is as follows. We have

estimated the mean intensity for a suite of fine-structure
IR emission lines, including the [CII] line, based on em-
pirical IR luminosity functions and line-to-IR luminos-
ity correlations, and present these results in the context
of a power spectrum model in Section 2. In Section 3,
we envision suitable platforms for conducting the [CII]
intensity mapping experiment and discuss the feasibil-
ity of detecting the [CII] power spectra in terms of the
signal-to-noise ratio (SNR). From the predicted power
spectra, we provide estimates for accuracy in measuring
the mean [CII] intensity as a function of redshift. To bet-
ter assess the value of intensity mapping studies in the
case of [CII] at moderate redshifts, and of intensity map-
ping experiments in general, we compare in Section 4 the
performance of the intensity mapping approach against
spectroscopic galaxy surveys that rely on individual de-
tections of sources to measure the total emission and
power spectrum. In particular, we examine the e↵ects
of variations in luminosity function shape, aperture di-
ameter (and, consequently, voxel size), and experimental
noise on the ability of each observational method to mea-
sure the power spectrum and provide a complete view of
the galaxy population.

2. PREDICTIONS FOR FAR-IR LINE POWER SPECTRA

2.1. Relationship Between Galaxy Populations and
Fluctuation Power

The complete autocorrelation power spectrum of a
given far-IR fine-structure line i as a function of
wavenumber k, P

i,i

(k, z), can be separated into power
from the clustering of galaxies, P clust

i,i

(k, z) and a Pois-

son term arising from their discrete nature, P shot

i,i

(z).
We compute the full nonlinear matter power spectrum,
P
�,�

(k, z), using the publicly available code HALOFIT+
(http://camb.info), which has been the standard tool
for predicting matter power spectra upon its success in
fitting state-of-the-art dark matter simulations over a
decade ago (Smith et al. 2003). The clustering compo-
nent of the line power spectrum is then written as (Visbal
& Loeb 2010)

P clust

i,i

(k, z) = S̄2

i

(z)b̄
i

2

(z)P
��

(k, z). (1)

Here we implicitly assume that the fluctuations in line
emission trace the matter power spectrum with some
linear bias, b̄

i

(z), but note that we use the full nonlin-
ear matter power spectrum. This should be an adequate
approximation for our study, since the Poisson term (see
Equation 3) will dominate on small-scales where the non-
linearities become significant. For our target redshift
range and likely [CII] emitters, b̄

i

is reasonably well-
constrained to be between 2 and 3 (Cooray et al. 2010;
Jullo et al. 2012), so we have assumed a single bias at
each redshift, although a more sophisticated model would
allow for variation of the source bias with the host halo
mass (and thus luminosity). It should be straightforward
to be rescale the results for other assumptions about bias.
The mean line intensity, S̄

i

(z), in units of Jy sr�1, can
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Figure 7. Error bar estimates on ρ[C ii], as measured by the fiducial balloon
experiment, at redshifts z = 0.63, 0.88, 1.16, and 1.48. Errors in z correspond to
the redshift space spanned by the spectrometer bandwidth. The solid blue curve
is the underlying, fiducial Béthermin–Spinoglio model for [C ii] luminosity
density. The luminosity density of other bright IR lines, also from the fiducial
model, are shown as the dashed colored curves, and the dotted curve is an
estimate for ρ[C ii] based on the fit to SFRD(z) provided by Hopkins & Beacom
(2006), where we have used constant ratios of L[C ii] to LIR equal to 0.001
(bottom curve) and 0.003 (top curve) to convert from IR luminosity density
to [C ii] luminosity density. Note that one can distinguish the different cosmic
[C ii] emission histories with the fiducial balloon experiment.
(A color version of this figure is available in the online journal.)

0.32 h Mpc−1) in which the two-halo clustering accounts for at
least 80% of the total power. (A survey with 10 deg2, also shown
in Figure 6, is wide enough to have three k bins available in the
linear regime, but the sensitivity on the additional mode with
t

survey
obs = 450 hr is marginal.) Thus, in considering the case of
Asurvey = 1.0 deg2, we find that it is possible to measure the
co-moving [C ii] luminosity density, ρ[C ii](z), in physical units
of L⊙ (Mpc h−1)−3,

ρ[C ii](z) =
∫

dlogLIRΦ(LIR, z)f[C ii]LIR (14)

= S̄[C ii]4πλ[C ii],restH (z), (15)

within ∼10% accuracy from z = 0.63 to z = 1.48, as
depicted in Figure 7. Here, the fractional uncertainty on ρ[C ii](z)
(or, equivalently, on S̄[C ii](z) via the mapping described in
Equation (15)) has been calculated according to standard error
propagation as half the fractional uncertainty on P[C ii],[C ii](k, z),
so that the S/N on S̄[C ii](z) is twice the S/N on the clustering
power spectrum, P clust

i,i (k, z):

S/N on S̄[C ii] = 2 ×

√√√√√
∑

linear k−bins only

(
P clust

i,i (k)

σclust(k)

)2

, (16)

where σclust is merely the shot-noise-subtracted version of
Equation (11), or, explicitly,

σclust(k) =

√(
P clust

i,i (k) + PN (k)
)2

Nmodes(k)
, (17)

In Figure 7, we also include, for comparison, an estimate
for ρ[C ii](z) based on the analytic fit to SFRD(z) provided by

Hopkins & Beacom (2006) and flat ratios of L[C ii]/LIR = 0.001
and 0.003. (For this purpose, we use the standard relation
between SFRD and infrared luminosity described in Kennicutt
1998.)

The cryogenic satellite offers an unprecedented platform for
quantifying the evolution of far-IR line emission in cosmological
volumes over time, with fractional uncertainties on the order of
a tenth of a percent at each redshift for the 1000 deg2 survey
(t survey

obs = 450 hr).

4. OBSERVATIONAL STRATEGY: COMPARING
INTENSITY MAPPING WITH

TRADITIONAL GALAXY SURVEYS

4.1. Probes of the Mean Line Intensity

Now let us turn to a question regarding the motivation for
intensity mapping in general, as well as in the specific case of
[C ii] at the redshifts relevant to this study. Having identified
the galaxy redshift surveys as an alternative method to measure
the mean intensity of the line-emitting galaxy population and to
measure the 3D clustering power spectrum, it is natural to draw
a comparison of the two approaches.

The principal advantage of intensity mapping is that it
naturally measures the aggregate emission per Equation (7),
since the power spectrum depends on the integral of the [C ii]
luminosity function. Galaxy surveys always miss some of the
light in the faintest galaxies, and this completeness problem
is illustrated in Figure 9. To make concrete comparisons in
what follows we employ toy models for the infrared luminosity
function (dotted curves in Figure 1) written in the Schechter
formalism—parameterized by the usual α, L∗, and φ∗—and
normalize the total IR luminosity density according to B11
(see the Appendix for details). We stress that these Schechter
models are not intended to represent a real interpretation of the
distribution of galaxies, but are merely helpful for illustrating
the effect of the LF shape on the relative usefulness of intensity
mapping and traditional galaxy surveys. In converting the IR
LF to a line luminosity function, we use, in addition to the
Spinoglio et al. (2012) relation for L[C ii]/LIR, a conservative and
flat line-to-IR luminosity ratio of 10−3, relegating the luminosity
dependence of this ratio (and any redshift evolution) as a second-
order effect.

The line sensitivity, Sγ (units of W m−2 s1/2), is the figure
of merit for detecting an unresolved line in a point source,
and we define individual detections at the 5σ level as having
a flux above the instrumental noise in a voxel, i.e., above
5× (Sγ /

√
tvox
obs ). (In addition to instrumental noise, both Poisson

fluctuations in the abundance of faint sources as well as the
clustering of these sources may impact the ability to detect
galaxies in the survey. However, we have explicitly checked that
this “confusion noise” is subdominant compared to instrumental
noise for surveys considered in this work and do not consider
this further here.) A convenient expression, which explicitly ties
the minimum detectable line luminosity to a set of theoretical
and experimental parameters, for the detection threshold can be
written as

Li,min = 5 × ferrρiVvox. (18)

Here, ferr is the fractional error (Equation (9)) and ρi is the co-
moving luminosity density of line i at some z, or L∗φ∗Γ(2 +
α, L/L∗) in the Schechter notation, so that equality holds
between Equation (18) and the more conventional expression
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Fig. 12. Principal heatflows for Planck. Nearly
14 kW is incident on the solar panel, but less than
1 W reaches the FPU. Passive radiative cooling and
thermal isolation are the keys to the overall ther-
mal performance. Yellow arrows indicate radiation.
White arrows indicate conduction.

Only the first V-groove was mounted; the important interface
with the third V-groove was simulated thermally. This long and
difficult test was not only a system test, but also the first real-
istic test of the full HFI cooling chain and its influence on the
instrument performance. To shorten the cooldown phase of this
test, a “precooling loop” of circulating helium gas was intro-
duced into the HFI design. (The difficulty of adequately evacu-
ating this loop after the end of cooldown was a problem in sev-
eral tests.) This was the first time the margin on the full cryo
chain could be measured directly. Fortunately, it was close to the
maximum expected. Most elements performed well above their
worst-case limits. It also confirmed the performance of the in-
struments, which was consistent with subsystems tests. Finally,
it verified the thermal model, which was ultimately able to pre-
dict the inflight cooling time within a couple of days.

The final test of the full flight cryo system, in July and
August 2008, finally included the flight spacecraft and sorption
cooler warm radiator, and used the FM2 sorption cooler. It con-
firmed the performance of the entire system. Details of these and
earlier tests performed on the individual coolers are given in the
following sections.

3.2. Sorption cooler

An engineering model of the sorption cooler was built at JPL and
tested with an engineering model of the cooler electronics built

at the Laboratoire de Physique Subatomique et de Cosmologie
in Grenoble (Pearson et al. 2007). A temperature-controlled
mounting plate substituted for the warm radiator. All require-
ments were verified (Morgante et al. 2009).

The flight coolers were shipped fully assembled to avoid
welding on the spacecraft or the use of demountable field joints
to join the compressor with the cold-end piping, and possi-
ble associated contamination. This had a substantial impact on
the integration.

The thermal test program for the sorption coolers is sum-
marized in Table 8. Subsystem testing was done by thermally
simulating the main spacecraft interfaces and testing the flight-
allowable range for both interfaces. Requirements were met
except for that on temperature fluctuations. Although it was
recognized that the fluctuation requirement itself was a poor
representation of the temperature stability required for good sci-
entific performance (Sect. 2.3.1), a “tiger team” was formed to
investigate the source of the fluctuations. The conclusion was
that the excess fluctuations were gravitationally induced and
were likely to be smaller in the micro-gravity space environment.

The interaction between the warm radiator and the compres-
sor, its impact on temperature fluctuations, and the performance
of the V-grooves and sorption cooler piping could not be tested
at subsystem level. These, and the interactions of all three cool-
ers and passive components, were verified in the three high-level
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