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Frequency	Channels	

Science Traceability Matrix FOLDOUT 1

PROPRIETARY INFORMATION: Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this proposal.

Scientific Measurement Requirements
Observables Physical Parameters

B-mode power spectrum • Infl ationary energy scale
• Infl ationary potential
• Quantum gravityGalactic foregrounds

CMB spectrum (µ distortion) Dark matter mass, lifetime, 
coupling

E-mode power spectrum Neutrino mass, hierarchy

CMB spectrum (y distortion) Electron temperature
and pressure

Red-shifted line emission Star formation rate vs redshift

E-mode power spectrum • Ionization fraction vs 
redshift

• Electron temperature
and pressure

• Ionizing spectrumCMB spectrum (y distortion)

Polarized dust continuum • Dust chemical 
composition

• Metalicity gradients
• Temperature and

density of ISMCO, CII, NII, OI lines

Science Goals Science Objectives

How did the Universe begin?
Search for the 
signature of
primordial inflation

What is dark matter?
Search for signatures 
of dark matter 
annihilation or decay

What are the properties
of neutrinos? Measure neutrino mass

How do cosmic structures 
form and evolve?

Characterize role of 
feedback for galaxy 
formation

Measure star formation 
rate across cosmic time

What were the fi rst objects 
to light up the universe?

Characterize ionization 
history

Galactic Structure Chemical composition 
and assembly history

Instrument Functional Requirements
Parameter Requirement Projected Performance

Map linear 
polarization Stokes Q and U Stokes Q and U

Sky coverage >75% >95%
Angular resolution <3.3 deg 2.5 deg
Sensitivity <0.5 μK/square deg 0.2 μK/square deg
Systematic errors < 10 nK rms < 3 nK rms
      Thermal stability  <20 mK at spin period  < 10 mK at spin period
      Phase stability  Position error < 0.4 μm  0.04 μm
     Beam ellipticity  < 5%  1%
      Cross-polar 

response (diff)  < -25 dB  -29 dB

Frequency range 30 GHz to 1.5 THz 30 GHz to 6 THz

Frequency channels 20 or more 400

Frequency resolution < 90 GHz 15 GHz

Absolute spectra Stokes I Stokes I
Calibrator reflection < -60 dB -65 dB
Calibrator thermal 
gradients < 3 μK < 1 μK

No additional requirements beyond those already in place for Science Goal 1.
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Frequency Channels and Fourier Transform Spec-
trometer
The Fourier transform of the measured fringe pattern 
on each detector yields the frequency spectrum of the 
polarized sky signal (Eq. D.2). The frequency range and 
spectral resolution of the synthesized spectra depend 
on the phase delay (mirror stroke) and sampling of the 
fringe pattern. The stroke length determines the spectral 
resolution:
 Δν = c/2L where L is the optical phase delay
The number of samples taken during each stroke 
determines the number of frequency bins, and hence the 
frequency range:
 Nν = NS/2 where NS is the number of samples
The synthesized spectra have bins at central frequencies
 Δν, 2 Δν, 3 Δν, ... (N ν - 1)  Δν

Apodization and Mirror Stroke
The channel width can be changed by varying 
the MTM stroke. The nominal width of 14.4 
GHz is set so that the bright J → J-1 CO 
emission lines are centered every 8th channel, 
facilitating their mapping and subtraction. 
The MTM moves at constant velocity over a 
4.05 mm peak-to-peak throw, completing a 
cycle every 3 s. The start and stop points are 
periodically changed so that positions near the 
white-light null are observed more often than 
the edges (see ref [62]).The resulting apod-
ization minimizes  ringing in the synthesized 
frequency spectra  while improving sensitivity 
to continuum sources like the CMB.

End-to-end simulations demonstrate PIXIE’s 
data fl ow and suffi  ciency (Section D.2.3.3). 
The left panel compares the input and output 
sky maps at 58 GHz. The right panel compare 
the input and output spectra for a mid-latitude 
pixel for polarized (Stokes Q) and unpolarized 
(Stokes I) emission. Sources on angular scales 
smaller than the PIXIE 2.6 beam generate 
signal variations as they enter and exit the 
beam, creating a frequency-dependent shift in 
the calibration. The resulting calibration error 
is 2--4 orders of magnitude below the PIXIE 
noise: PIXIE can accurately reconstruct the 
spatial and frequency content of the sky.

PIXIE employs multiple symmetries to null instrumental artifacts. Chaining together a series of approximate symmetries 
reduces systematic errors to negligible levels without requiring unrealistic precision for any single symmetry.

The channel width can be changed by varying 

PIXIE employs multiple symmetries to null instrumental artifacts. Chaining together a series of approximate symmetries 

Absorption from A-side mirror 
generates error signal...

5 mK

50 uK
Surface Emissivity

500 nK

5 nK

<< 1 nK

x0.01

FTS differences this signal against the
symmetric signal from the B side mirror... x0.01

But the difference signal flips sign when
the mirror is hotter vs colder than sky... x0.01

Allowing team to model
and subtract the residual x0.01

Instrument approximates the CMB temperature to within...

Symmetric Mirrors

Symmetric Temperature

Residual After Subtraction

The channel width can be changed by varying 

emission lines are centered every 8th channel, 

periodically changed so that positions near the 
white-light null are observed more often than 

.The resulting apod-
ization minimizes  ringing in the synthesized 
frequency spectra  while improving sensitivity 

Absorption from A-side mirror 
generates error signal...

FTS differences this signal against the
symmetric signal from the B side mirror...

But the difference signal flips sign when
the mirror is hotter vs colder than sky...

Allowing team to model
and subtract the residual

Instrument approximates the CMB temperature to within...Instrument approximates the CMB temperature to within...

Mirror

A-Side B-Side

Mission Functional Requirements

Scan the entire sky in 6 months

Rotate instrument at 1 RPM

Provide cryogenic compatible attitude

Minimize systematic environmental
inputs to instrument

Maintain ADCS pointing and control
compatible with science data algorithms.

Provide ground control of Observatory

Downlink science data

Launch on a compatible launch vehicle
(AO option A with136” fairing)

Comply with NASA-STD-8719.14

Provide power to mission

Fulfi ll two year mission design lifetime
(Class C)

Sample	fringe	paQern	vs	phase	delay	
Fourier	transform	to	get	synthesized	spectra	

Channel	width	set	by	maximum	phase	delay	
Δν	=	c	/	2L	

Number	of	channels	=	number	of	samples/2	
N	=	Ns	/	2	

Channels	are	integer	mulRples	of	width	
Δν,	2Δν,	3Δν,	...	(N-1)	Δν	

One	choice:	Set	width	to	match	CO	lines	
	 	 	Δν	=	CO(1-0)	/	8	
	 	 							=	14.4	GHz	

Note:	ConRnuum	sensiRvity	DECREASES	as	Sqrt(Δν)	
											Penalty	for	secng	channel	width	too	narrow	
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Fundamental	Limits	

Angular	resoluRon 	 	MulR-moded	opRcs,	sensiRvity	scales	as	(AΩ)1/2	

	 	 	 	 	PIXIE	1.2m	instrument	!	1.6	deg	Gaussian	equivalent	

SensiRvity 	 	 	Detector	sees	photon	noise	from	full	bandpass	
	 	 	 	 	Limited	scalability	for	mulRple	detectors	
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CMB	PolarizaRon	

InflaRonary	B-Modes	

r	=	2	x	10-4	(PIXIE	1σ,	4-year)	
Limited	by	low-freq	foregrounds	

Cosmic-variance	limit	to	EE,	tau	
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Spectral	DistorRons	
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Science	from	Mu	DistorRons	

• Standard ΛCDM prediction from Silk damping:                                  
(JC, 2016, ArXiv:1603.02496) 
- provides a natural target that cannot be reached with PIXIE at this stage 
- requires significantly improved low-frequency coverage / sensitivity          

(Abitbol et al., 2017)

µ Distortion Science
y = 3.63+0.17

�0.17 ⇥ 10�9

µ = 2.00+0.14
�0.13 ⇥ 10�8

• An improved upper limit on µ would place constraints on: 
- long-lived decaying particle models with lifetimes t ~ 106-1010 seconds                                         

(JC & Jeong, 2013) 
- the amplitude of primordial perturbations: 
- Constrain DM interactions with standard particles                                         

(Ali-Haimoud, JC & Kamionkowski, 2016) 

- Shed light on the small-scale crisis                                                                
(Nakama, JC & Kamionkowski, 2017) 

- Could reveal a connection of recent BH mergers with enhanced primordial 
small-scale power (JC in prep.)  

- Could constraint many non-standard scenarios (primordial magnetic fields, strings, axions, PBH 
evaporation, etc.)

10 Abitbol et al.

Table 5. Percent errors on foreground parameters, using MCMC. These results assume an extended PIXIE mission and various priors on the synchrotron
spectral index and amplitude, as labeled in the first column. The average of the two-sided errors is quoted. The recovered parameter posterior distributions
for the final three cases (no µ in the analysis) are shown in Figure A1. The synchrotron and free-free parameters are the least well constrained by PIXIE,
suggesting that low-frequency (. 15 GHz) ground-based measurements could provide important complementary information.

Prior ↵S / AS AS ↵S !S AFF AAME Ad �d Td ACIB �CIB TCIB ACO

1% / – 34.0% 1.0% 106.0% 23.0% 1.7% 0.35% 0.087% 0.0051% 1.2% 0.32% 0.1% 0.33%
10% / 10% 9.6% 9.3% 52.0% 7.3% 0.9% 0.18% 0.051% 0.0046% 0.58% 0.17% 0.053% 0.23%
1% / 1% 0.99% 1.0% 5.5% 1.1% 0.77% 0.13% 0.04% 0.0045% 0.3% 0.11% 0.031% 0.22%

none (no µ) 33.0% 29.0% 93.0% 8.9% 1.3% 0.18% 0.048% 0.0049% 0.6% 0.17% 0.069% 0.33%
10% / 10% (no µ) 7.3% 7.0% 21.0% 2.2% 0.85% 0.14% 0.043% 0.0046% 0.35% 0.12% 0.029% 0.21%
1% / 1% (no µ) 0.95% 0.95% 5.1% 0.47% 0.61% 0.12% 0.038% 0.0042% 0.29% 0.1% 0.028% 0.16%

et al. 2013; Planck Collaboration et al. 2016) which indicate that
↵sync only varies at the ' 5 � 10% level across the sky.

We also consider simplifying the synchrotron model to a two-
parameter power law, which improves the detection significance by
about a factor of 2 on µ and by 1.3 on kTeSZ. This is expected, since
we saw previously that low-frequency foregrounds mainly degrade
the detection significance of µ (e.g., Fig. 3). However, this scenario
is again unrealistic, as the curvature of the synchrotron spectrum
is an inevitable result of the average of the synchrotron emission
over the sky and along the line-of-sight. Spatial information on
↵sync could be used to further constrain !sync, but the e↵ects of line-
of-sight and beam averaging will not be separable in this way. In
addition, due to the rather low angular resolution of PIXIE, a com-
bination with other experiments might be required in this case, so
that we leave this aspect for future explorations.

Removing the CIB emission entirely results in the largest (fac-
tor of ' 5) improvement in the detection of all CMB parameters,
but this is also unrealistic. Rather, we expect a more complicated
model for the dust components to be required, which directly han-
dles and models the information from spatial variations of the SED
parameters. Allowing the peak frequency of the spinning dust SED
to be a free parameter negligibly a↵ects the µ and kTeSZ detection
significance when assuming the 10% prior on Async and ↵sync. In
fact with this synchrotron prior, the entire spinning dust SED pro-
vides only a marginal (< 20%) reduction in CMB parameter detec-
tions. Even when relaxing the synchrotron priors, the spinning dust
a↵ects the CMB parameters’ detection significance by less than a
factor of 2. Overall, we find that the forecast is robust to moderate
variations in the assumed foreground model and parameters. Rather
than the specific amplitude of the signals, the shapes and covari-
ance with the distortion parameters is most important in driving the
CMB parameter limits.

7.2 Addition of External Data Using Priors

We examine the use of external information in the form of a pri-
ori knowledge of the foreground SED parameters. The biggest im-
provements can be expected for the low-frequency foreground pa-
rameters, as the high-frequency components generally are found to
be constrained with high precision (. 1%) due to the large number
of high-frequency channels in FTS concepts. We thus compare re-
sults using combinations of 10% and 1% priors on the synchrotron
amplitude and spectral index in Tables 4 and 5. This is meant to
mimic information from future ground-based experiments similar
to C-BASS and QUIJOTE, possibly with extended capabilities re-

lated to absolute calibration, or when making use of extra spatial
information in the analysis.

Focusing on Table 4, the ⇤CDM µ distortion is still not de-
tectable even with tightened priors, but the kTeSZ detection signifi-
cance could be improved to 14� when imposing 1% priors on Async

and ↵sync. In this case, an upper limit of |µ| < 9.4 ⇥ 10�8 (95% c.l.)
could be achieved. Comparing this with the CMB-only constraints
reveals that foregrounds introduce about one order of magnitude
degradation of the constraint. To detect the ⇤CDM µ distortion at
2� requires a ' 0.1% prior on the synchrotron amplitude, index,
curvature, and the free-free amplitude. This is not met by PIXIE
alone, but could possibly be achieved by adding constraints from
ground-based observations at lower frequencies. In particular the
steepness of the synchrotron SED might help in this respect, with
increasing leverage as lower frequencies are targeted. Performing
similar measurements with a space mission will be very challeng-
ing due to constraints on the size of the instrument.

Nevertheless, PIXIE could significantly improve the existing
limit from COBE/FIRAS, placing tight constraints on the amplitude
of the small-scale scalar power spectrum, As, around wavenumber
k ' 740 Mpc�1, corresponding to (cf., Chluba & Jeong 2014)

As(k ' 740 Mpc�1) < 2.8 ⇥ 10�8
" |µ|
3.6 ⇥ 10�7

#

(95% c.l.), (7)

when assuming a scale-invariant (spectral index ns = 1) small-scale
power spectrum. Here, |µ| is the 2� upper limit on the chemical po-
tential. This would already rule out many alternative early-universe
models with enhanced small-scale power (Chluba et al. 2012a;
Clesse et al. 2014). Assuming 1% priors on Async and ↵sync, one
could obtain As(k ' 740 Mpc�1) < 7.3 ⇥ 10�9(95% c.l.), bringing
us closer to the value obtained from CMB anisotropy observations,
As(k ' 0.05 Mpc�1) ' 2.2⇥10�9 (Planck Collaboration et al. 2015)
at much larger scales.

As mentioned above, the biggest issue for the µ detection in-
deed lies in the synchrotron emission. Table 5 shows the expected
uncertainties on foreground parameters with various assumed syn-
chrotron SED priors. The thermal dust, CIB, and CO parameters
are all measured to < 1%, while the low-frequency foregrounds
have much larger uncertainties. This implies that the largest gains
in terms of CMB distortion science can be expected by improving
ground-based measurements at low frequencies. These measure-
ments will also be required to complement CMB B-mode experi-
ments, aiming at detection of a tensor-to-scalar ratio r < 10�3.

Generally, we also find that imposing a prior on ↵sync alone
does not significantly improve the results. For example, we find

c� 0000 RAS, MNRAS 000, 000–000

(Jens	Chluba)	
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FIG. 1. Examples of primordial power spectra suppressed
below subgalactic scales [ Eq. (1) ] considered in this paper.
For the blue curves, α = 1, and from bottom to top we have
ks = {1, 20, 35}Mpc−1. The gray curve corresponds to the
standard spectrum Pst of Eq. (1) (α = 0).

limit α → 0,) then it could serve as a smoking gun for
some primordial suppression thereby possibly explaining
the small-scale crisis.

0.001 0.010 0.100 1 10 100

-3.×10-9
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2.×10-8

α

μ

FIG. 2. The dependence of µ distortions on α, which controls
a step-type primordial suppression [see Eq. (1)]. From bottom
to top, the suppression wave number is ksMpc = 1, 20, 35. As
α → 0, µ approaches ≃ 2×10−8, the value mostly determined
by the dissipation of the standard almost-scale-invariant fluc-
tuations. In contrast, if ks is relevant to the small-scale crisis
and if α is sufficiently large, µ can be negative, approaching
µBE ≃ −3×10−9 for ks ∼ 1Mpc−1, determined by the energy
extraction from photons to baryons due to their coupling.

III. CONCLUSION

The small-scale crisis of ΛCDM may imply suppressed
matter fluctuations on subgalactic scales. Such a sup-

pression could result from some new physics that op-
erates during inflation or could be the consequence of
new dark-matter physics that operates at later times, af-
ter the relevant distance scales re-enter the horizon dur-
ing radiation domination. Although the primordial and
late-time suppression mechanisms are expected to impact
structure formation in a similar fashion, we show here
that they could be in principle distinguished by measure-
ment of the µ distortion to the CMB frequency spectrum.
This is because µ may be significantly reduced relative
to the canonical value µ ≃ 2× 10−8 if subgalactic power
suppression is primordial. For power suppression suffi-
ciently significant, µ could even become negative as a
consequence of the transfer of energy from photons to
baryons. On the other hand, for a late-time suppression,
the CMB µ distortion would not be affected notably since
it is mostly determined by primordial fluctuations rather
than subhorizon dynamics of DM fluctuations during the
radiation-dominated era. Thus, for a late-time suppres-
sion, µ is not expected to differ significantly from the
standard positive value.
If µ is found to be unexpectedly small or negative by

future high-sensitivity experiments measuring the energy
spectrum of CMB photons, it may serve as a smoking gun
for a primordial suppression. Note also that the negative
contribution to µ can, in principle, be even smaller than
µBE due to direct or indirect thermal coupling of non-
relativistic DM with photons, since in this case more
energy is extracted from photons to DM to maintain
thermal equilibrium [53]. If on the other hand the stan-
dard prediction for µ is verified, then it suggests that the
small-scale crisis has to do with late-time physics. If we
find µ to have the standard value, then another possi-
bility, which we leave for future work, is that a matter-
radiation isocurvature perturbation, correlated with the
adiabatic perturbation, suppressed matter perturbations
on small scales while preserving the primordial curvature
(and thus radiation) perturbation on small scales.
In this paper, we emphasized that µ can be small for

the primordial suppression scenario. However, ultimately
it will be interesting to study the small-scale problems by
N-body simulations for a variety of primordial spectra
consistent with existing constraints from, e.g., Lyman-α
observation, simultaneously calculating µ for each spec-
trum, possibly taking into account baryonic processes.
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y-DistorRons	

Colin Hill
Columbia
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1JCH+ (2015); see also Dolag+ (2015) & de Zotti+     (2016)
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specific 
intensity

dominated by groups 
~1012.5-13.5 Msun

groups+clusters >> reionization/primordial
(“foreground”)

<y> ~ 1.8 x 10-6 
ICM ~ 1.6 x 10-6 
IGM ~ 10-7 
reion. ~ 10-7

Compton-y: guaranteed signal(s)
non-relativistic thermal Sunyaev-Zel’dovich (tSZ) effect  

+ relativistic corrections due to high electron temperatures

(Colin	Hill)	
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Colin Hill
ColumbiaSignals vs. Foregrounds

2Abitbol, Chluba, JCH, & Johnson (2017) frequency

specific 
intensity

nominal 
mission

extended 
mission

194σ tSZ detection 
11σ rel-tSZ detection
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Colin Hill
Columbia

• Measurement of total thermal energy in electrons  

• “Integral constraint” on feedback energy injected over 
cosmic time (analogous to τ for reionization) 

• Crucial ingredient for understanding baryonic effects on 
matter power spectrum (necessary for, e.g., upcoming weak 
lensing surveys) 

• Calibration of X-ray T—M relation with relativistic tSZ 

• If low-z contributions can be isolated (e.g., via cross-
correlation with galaxy surveys), new reionization constraint

3JCH+ (2015); Battaglia, JCH+ (in prep.)

What will we learn?
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Colin Hill
Columbia
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sub-percent constraints on structure formation models

JCH+ (2015); Battaglia, JCH+ (in prep.)

Battaglia AGN Feedback

Battaglia C+SF

Battaglia Adiabatic

PRELIMINARY

What will we learn?

e.g., cosmo-OWLS 
models
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Colin Hill
Columbia

• Constraints on local-type primordial non-Gaussianity via 
<yT> cross-correlation [Emami+ (2015)] or scale-dependent halo 
bias in <yy> power spectrum [JCH & Pajer (2013)] 

• Detection of higher-order moments of the electron 
temperature distribution (beyond <Te>) 

• Detection of polarized SZ: probe of local quadrupole at 
each cluster’s location, and thus a way around cosmic 
variance [Kamionkowski & Loeb (1997)] 

• Many stacking and cross-correlation possibilities using halo 
catalogs/lensing maps, contingent on angular resolution

5

Future possibilities
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Intensity	mapping	and	CIB	measurements	

Goal:	Intensity	mapping	(IM)	allows	us	to	understand	average	galaxy	properRes	and	their	evoluRon	in	the	context	of	
ΛCDM.	In	parRcular	for	dusty	galaxies:	what	halos	best	host	star	formaRon?	How	does	star	formaRon	evolve	relaRve	to	
the	growth	of	structure?	What	is	the	abundance,	evoluRon	and	metallicity	of	the	cold	gas	that	forms	stars?	How	does	the	
mean	dust	temperature	evolve?	

Approach:	RadiaRon	from	stars	excites	thermal	emission	from	dust,	and	atomic	and	molecular	line	emission.	A	CMB	
spectral	survey	is	sensiRve	to	both	the	zero-point	and	anisotropy	of	the	sum	of	reprocessed	radiaRon	over	the	history	of	
the	universe.	Cross-correlaRon	of	the	spectral	survey	with	galaxy	redshil	surveys	separates	the	cumulaRve	SED	
contribuRng	to	the	CIB	at	each	redshil	(Serra	et	al.	2014,	Switzer	2017).	Cross-correlaRon	between	mulRple	frequencies	
idenRfies	coherence	in	the	CIB,	and	emission	of	different	lines	at	common	redshil	(Serra	et	al.	2016).	An	esRmate	of	the	
cross-correlaRon	amplitude	does	not	suffer	cosmic	variance,	and	is	robust	to	galacRc	foregrounds.		

Visibility	of	the	CO	(black	for	J	=	1	−	0	to	light	gray	moving	up	the	ladder)	and	
[C	II]	(dashed	blue)	lines	as	a	funcRon	of	redshil.	WMAP	(red)	and	Planck	
(LFI	in	green	and	HFI	in	orange)	have	sensiRvity	in	wide,	photometric	bands,	
over	which	density	contrast	is	washed	out.	PIXIE’s	bands	(black	edges	along	
the	top)	sample	[C	II]	and	CO	from	the	present	to	reionizaRon.	

The	CIB	monopole	from	FIRAS	(black)	and	inferred	from	IRAS	
(pink),	and	Planck	CIB	anisotropy	(red)	relaRve	to	models.	
PIXIE	will	be	~1000x	more	sensiRve	than	FIRAS,	allowing	
more	stringent	tests	of	galaxy	populaRon	and	evoluRon	
models.		

Switzer	/	Dore	
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Intensity	mapping	and	CIB	measurements	

The	BOSS	CMASS-North	unitless	overdensity	δ	in	a	slice	of	0.51	<	
z	<	0.53,	smoothed	to	PIXIE’s	1.65◦	FWHM	effecRve	beam.	The	
redshil	range	is	equivalent	to	∆ν	=	15	GHz	for	observaRons	of	[C	
II]	at	1245	GHz.	PIXIE’s	sensiRvity	per	1x1°	region	is	~1	kJy/sr.	The	
expected	CII	brightness	is	~kJy/sr,	giving	SNR	~1	measurements	of	
the	fluctuaRon	modes.	

Serra	et	al.	2016	

Switzer	2017	

A	CMB	spectral	survey	can	access	several	redshiled	tracers	of	the	ISM	that	
probe	different	phases	of	gas:	
CO	115N	GHz	(for	J=N	to	N-1):	traces	molecular	gas	
CII	158	μm:	traces	neutral	and	ionized	gas,	star	formaRon	
NII	122,	205	μm:	traces	ionizing	photon	rate,	[NII]/[CII]	give	metallicity	
OI	146	μm:	traces	dense	gas	near	star-forming	regions.	

Each	line	also	acts	as	a	foreground	that	contributes	uncorrelated	variance	to	
each	slice.	

Also	see	Mashian	et	
al.	2016	for	CO	
monopole.	
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Intensity	mapping	and	CIB	measurements	

Spectral	resoluGon	is	essenGal	to	measuring	redshiHed	line	emission.	Cl	scales	as	~1/Δ𝜈	(unRl	1%	bandwidth)	as	large-scale	
structure	is	washed	out	in	thicker	slabs	(Breysse	et	al.	2014).	CO	and	CII	cannot	be	detected	in	WMAP	data	and	may	be	possible	with	
Planck	(Pullen	et	al.	2013).	A	decisive	measurement	of	evoluRon	requires	a	spectrometer.	

Spectral	resoluGon	and	adjacency	are	essenGal	to	suppressing	foregrounds:	Foregrounds	for	CII	can	be	1000x	larger	than	the	
signal.	Dust	emission	is	highly	coherent	between	adjacent	bands,	while	the	IM	signal	is	largely	incoherent,	so	foregrounds	can	be	
removed	efficiently	with	a	linear	combinaRon	of	bands	(Switzer	2017).	Broad,	separated	bands	make	it	more	difficult	to	subtract	the	
dust	conRnuum.	Foreground	separaRon	requires	high	interband-calibraRon	smoothness	and	stability.	The	PIXIE	calibrator	is	black	to	
3x10-7	and	is	conRnuously	differenced	with	the	sky	signal.	

A	spectrometer	is	beMer	matched	to	galaxy	surveys:	Cross-correlaRons	with	galaxy	redshil	surveys	provide	unambiguous	detecRon	
of	CIB	and	line	emission	(Masui	et	al.	2013,	Serra	et	al.	2014).	Wide	photometric	bands	are	not	well-matched	to	galaxy	redshil	
surveys,	which	olen	provide	many	narrow	slabs	over	a	more	limited	redshil	range.	A	spectrometer	also	potenRally	contains	more	
redshil	informaRon,	which	is	very	useful	to	calibrate	redshil	esRmaRon	in	photometric	surveys	such	as	LSST	(Alonso	et	al.	2017).	

Moving	beyond	PIXIE:	Δ𝜈	=15	GHz	and	Δ𝜈min~45	GHz	limits	measurement	of	CO	J=1-0,	which	has	a	cleaner	interpretaRon	than	min~45	GHz	limits	measurement	of	CO	J=1-0,	which	has	a	cleaner	interpretaRon	than	
higher-J	CO	emission.	An	instrument	with	twice	the	linear	size	would	have	2x	lower	frequency	and	2x	higher	spaRal/spectral	
resoluRon,	making	it	a	beQer	match	to	CO	J=1-0.	It	would	also	provide	more	low-frequency	informaRon	for	synchrotron	cleaning	of	
CMB	polarizaRon.		

A	spectrometer	with	low	angular	resoluRon	is	not	well	matched	to	inference	of	SFR(M,	z)	from	the	CIB	anisotropy	(Wu	&	Doré	2017),	
and	many	factors	of	resoluRon	are	needed	to	be	compeRRve,	despite	having	a	large	number	of	bands.	Its	strength	is	in	constraints	of	
the	integrated,	monopole	spectrum.	
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SRll	To	Study	...	
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Combined	Spectrometer	+	Imager:	Can	we	use	“Best	of	Both	Worlds”	approach?	

Spectrometer:	Shallow	survey	over	broad	frequency	range	
	 	 	Characterize	foreground	spectral	energy	distribuRon	
	 	 	 	Provide	spectral	template	for	imager	
	 	 	 	Demonstrate	robustness	of	foreground	model	
	 	 	Compelling	science	goals	from	spectral	distorRons	

Imager:	Deep	survey	in	a	few	selected	bands	
	 	 	Use	foreground	spectral	templates	from	spectrometer	
	 	 	Just	fit	foreground	amplitudes	
	 	 	Simplified	focal	plane,	sRll	get	high	angular	resoluRon	

Concern	for	Foreground	Bias	
				Input:	Power-lay	synch,	broad	dust	distribuRon		
				Fit:							Power-law	synch,	2-component	dust	

				Fit	matches	input	to	few	parts	in	105	

				BUT	...	Bias	in	r	of	order	few	x	10-3	

Kogut	&	Fixsen	2016	


