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ABSTRACT

SPHEREx, a NASA Explorer satellite launched on 11 March 2025, is carrying out the first all-sky

near-infrared spectral survey. The satellite observes in 102 spectral bands from 0.75 to 5.0 µm with a
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resolving power ranging from λ/∆λ = 35−130 in 6.′′2 pixels. The observatory obtains a 5σ depth of 19.5

- 19.9 AB mag for 0.75 < λ < 3.8 µm with λ/∆λ ∼ 40 and 17.8 - 18.8 AB mag for 3.8 < λ < 5.0 µm

with λ/∆λ ∼ 120 after mapping the full sky four times over two years. Scientifically, SPHEREx will

produce a large galaxy redshift survey over the full sky to constrain the amplitude of inflationary

non-Gaussianity. The observations will produce two deep spectral maps near the ecliptic poles that

use intensity mapping to probe the evolution of galaxies over cosmic history. By mapping the depth

of infrared absorption features over the Galactic plane, SPHEREx will comprehensively survey the

abundance and composition of water and other biogenic ice species in the interstellar medium. The

project will release initial data rapidly in the form of spectral images, and specialized data products

over the life of the mission as the surveys proceed. The science team will also produce spectral catalogs

of planet-bearing and low-mass stars, solar system objects, and galaxy clusters 3 years after launch. We

describe the design of the instrument and spacecraft, which flow from the core science requirements.

Finally, we present an initial evaluation of the satellite’s in-flight performance and key characteristics.

Keywords: cosmology: Diffuse radiation — Near-infrared astronomy – Large-scale structure of the

universe – Galaxy evolution – Interstellar ices – Infrared instrumentation

1. INTRODUCTION

The Spectro-Photometer for the History of the

universe, Epoch of Reionization, and Ices Explorer

(SPHEREx) is designed to map the entire sky at near-

infrared wavelengths (λ = 0.75−5µm) in low-resolution

spectroscopy (λ/∆λ ∼ 35 − 130) with moderate 6′′ an-

gular resolution. SPHEREx (see Figure 1 follows a

succession of infrared all-sky survey programs, start-

ing with the InfraRed Astronomical Satellite (IRAS)

(Neugebauer et al. 1984), the Diffuse InfraRed Back-

ground Experiment (DIRBE) on the COBE satellite

(Silverberg et al. 1993), 2MASS (Skrutskie et al. 2006),

AKARI (Murakami et al. 2007), and the Wide-field In-

frared Survey Explorer (WISE) (Wright et al. 2010),

all of which mapped the full sky in broad photomet-

ric bands. SPHEREx combines large-format sensitive

infrared detector arrays, an entirely passive cooling de-

sign, a wide-field off-axis telescope, and the novel use
of Linear Variable Filter (LVF) spectrometers to pro-

vide the first all-sky near-infrared spectroscopic survey.

SPHEREx will produce 4 complete all-sky spectral maps

over its 2-year baseline mission.

We summarize SPHEREx core science in §2 and the

mission requirements to obtain these measurements in

§3. The design of the mission, spacecraft, and instru-

ment are given in §4. We describe the on-orbit perfor-

mance and early observations in §5 and conclude in §6.

2. SCIENCE OVERVIEW

The design of SPHEREx flows from its 3 pri-

mary science objectives, constraining inflationary non-

Gaussianity, exploring the history of galaxy formation

by studying the anisotropy of the extragalactic back-

ground light (EBL), and surveying the abundance of

water and other biogenic molecules in the form of ices

Figure 1. Diagram of the SPHEREx observatory, showing
(from top to bottom) the three conical photon shields with a
cutaway view, the telescope, radiator panel for the mid-wave
infrared (MWIR) detectors, the MWIR and short-wave in-
frared (SWIR) focal plane arrays (FPAs), and the 3-stage
V-groove radiator assembly with penetrating bipods for sup-
porting the telescope assembly. The BAE spacecraft at the
bottom provides pointing, power, and telemetry and houses
the instrument readout electronics.

in the interstellar medium. SPHEREx creates a unique

all-sky spectral survey to carry out these science objec-

tives, enabling a diversity of investigations by the wider

astronomical community. The SPHEREx science team

will also curate 3 legacy catalogs with spectra of solar

system objects, exoplanet host stars and low-mass stars,

and galaxy clusters.

2.1. Inflationary Cosmology

SPHEREx tests the inflationary paradigm in modern

cosmology, which was proposed to explain the large-

scale homogeneity and geometric flatness of the uni-

verse (Guth 1981; Linde 1982; Albrecht & Steinhardt



3

1982; Starobinsky 1980). The basic predictions of in-

flation have been verified in increasingly precise mea-

surements (Planck Collaboration et al. 2020a), specifi-

cally a near-flat spatial geometry on large scales with

initial density perturbations that are nearly Gaussian,

phase-synchronous, and nearly, but not precisely, scale-

invariant. The physical process driving inflation, how-

ever, remains elusive.

Measures of cosmic non-Gaussianity are crucial for

understanding the physics of the early Universe, par-

ticularly the nature of primordial fluctuations gener-

ated during inflation. While standard inflationary mod-

els predict the initial cosmic density fluctuations to be

nearly Gaussian, deviations from Gaussianity can re-

veal the presence of physical processes, such as inter-

actions among fields during inflation or cosmic defects.

Detecting or constraining non-Gaussianity thus provides

valuable insights into the fundamental mechanisms that

shaped the Universe’s structure and helps discriminate

between competing cosmological models.

Observations of non-Gaussianity in the primordial

fluctuations, quantified by the fNL parameters, describe

the departure from a Gaussian bell curve (Komatsu

et al. 2005), and provide a unique test between multi-

field and single-field models. Inflation models driven by

multiple fields generally predict a local non-Gaussianity

|f local
NL | ∼ 1 while simpler models with a single field

generally predict |f local
NL | < 10−2 (Alvarez et al. 2014;

de Putter et al. 2017) (See Figure 2). For simplicity, we

will write fNL for f local
NL from now on.

CMB-based measurements currently constrain fNL =

−0.9± 5.1 (Planck Collaboration et al. 2020b), close to

the limits set by cosmic variance (Baumann et al. 2009).

Because large-scale structure galaxy surveys map the

universe in 3 dimensions, they access many more modes

than a 2-dimensional CMB map, and can thus probe

non-Gaussianity to much lower levels than are possi-

ble with CMB measurements. Current fNL constraints

from galaxy surveys are now starting to approach the

accuracy of the CMB (Chaussidon et al. 2025).

SPHEREx probes fNL using the power spectrum and

bispectrum, the Fourier transforms of the 2-point and 3-

point galaxy correlation function, respectively. The rel-

ative sensitivity of these two measures is similar. Com-

bined, they provide a powerful internal consistency test,

because the two statistical measures are quite different.

For the power spectrum, the effect of fNL is most promi-

nent on large spatial scales because of the scale depen-

dent galaxy bias induced by fNL (Dalal et al. 2008). Its

accuracy is driven by maximizing the number of red-

shifts, which can have low accuracy σz = ∆z/(1 + z) <

0.2, over a large cosmological volume. The bispectrum

Figure 2. SPHEREx aims to establish strong constraints on
non-Gaussianity fNL and running of the spectral index αs

in order to discriminate between broad classes of inflation
models. The plot identifies families of models, where the
blue-shaded region illustrates the distribution of plausible
multi-field models (de Putter & Doré 2017) with |fNL| ∼ 1,
while single-field models with |fNL| < 10−2 fall along the y-
axis. Slow-roll models are shown in the hatched region with
|αs| < 10−3. The current range of allowed parameters from
Planck CMB data is shown by the blue ellipse. SPHEREx’s
accuracy is shown for the power spectrum (PoS, yellow), the
bispectrum (BiS, orange) and the combination (red). While
the centers of the SPHEREx ellipses are unknown, we place
them at a location that would rule out single-field inflation
for illustration.

is driven by having multiple galaxy samples with smaller

high-accuracy redshifts up to σz = ∆z/(1 + z) = 0.003

to measure squeezed triangles with legs having a large

spatial wavenumber k (Heinrich et al. 2024).

In addition to constraints on fNL, we expect

SPHEREx clustering measurements, with several hun-

dred million galaxies over the full sky, to lead to new

insights on the properties of dark energy, the curva-

ture of the Universe, the mass of neutrinos (Doré et al.

2014), and so-called general relativistic effects (Wen

et al. 2024).

2.2. History of Galaxy Formation

Measures of the diffuse EBL are important because

they capture the cumulative emission from all sources

– both resolved and unresolved – across cosmic his-

tory. This includes light from the earliest stars and

galaxies, diffuse intergalactic processes, and potentially

new astrophysical phenomena. By studying the cosmic

background light, astronomers gain insight into star for-

mation, galaxy evolution, and the total energy budget

of the Universe, including contributions that may be
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missed in classical point-source surveys. These measure-

ments thus provide a crucial census of cosmic structure

and its evolution over time.

SPHEREx probes the history of galaxy formation by

studying the spatial anisotropy of the EBL, the aggre-

gate glow of which contains emission from all sources

integrated over redshift. By mapping structures from

degree to 6′′ angular scales, SPHEREx accesses sig-

nals from linear (2-halo) clustering, non-linear (1-halo)

clustering, and Poisson (shot noise) fluctuations (e.g.

Asgari et al. (2023), Kovetz et al. (2017), Cooray &

Sheth (2002)). Linear clustering refers to scales be-

tween dark matter halos that can be traced back to pri-

mordial fluctuations, while non-linear clustering refers

to smaller scales within a halo where the non-linear ef-

fects of gravity and star formation are important. Com-

bined, these provide measures of the total light produc-

tion, the brightness of clustered galaxies and intrahalo

light (IHL) associated with stripped stars in dark mat-

ter halos, and the ensemble properties of galaxies above

a selected brightness.

On large spatial scales, galaxies trace dark matter

over-densities through linear clustering. The linear clus-

tering signal is of particular scientific interest because it

provides an integrated measure of luminosity bIdI/dz,

where bI is the bias of emitting sources and dI/dz is the

total light emitted at a specific redshift from all sources,

including individually faint galaxies and diffuse compo-

nents that may be missed in galaxy-counting surveys.

SPHEREx has two ways to extract the redshift history

of emission. Because each wave band is sensitive to a

different range of redshifts, the cross-spectrum between

two bands partially correlates and provides information

on the history of light production. The numerous cross-

spectra thus enable fitting a suite of parameters to de-

scribe various emission components and their luminosity

history (Feng et al. 2019). An alternative approach is

to cross-correlate SPHEREx maps with galaxy redshifts

(Cheng & Chang 2022), which provides an unambiguous

redshift separation, but is limited to available redshift

surveys.

The SPHEREx survey (see §4.2) is designed with two

∼100 square degree deep field regions (see Figure 9) that

are ideal for these intensity mapping studies. The fields

are located near the ecliptic poles, where the observ-

ing coverage naturally peaks due to SPHEREx’s polar

orbit. The coverage depth of the surveys is designed to

provide sufficient statistical sensitivity to probe emission

from the epoch of reionization (EoR) at z ≥ 6, with its

characteristic Ly-α and Ly-cutoff features, in the linear

clustering signal (see Figure 3). The high-sensitivity and

Figure 3. Color of EBL fluctuations on large scales,
ℓ ≃ 103. Measurements from CIBER and Spitzer from Feder
et al. (2025) (magenta points), all using the same mask of
{J = 16.9,H = 16.9, IRAC1 = 17.8}, clearly exceed expecta-
tions from known galaxy populations fainter than the mask-
ing threshold (light green). Simple IHL models that adopt a
linear relationship between the IHL fraction and dark mat-
ter halo mass (magenta band) can provide fluctuations at
a level comparable to these available measurements, as sug-
gested by previous work (Cooray et al. 2012; Zemcov et al.
2014). The sensitivity levels along the bottom (black lines)
indicate SPHEREx’s statistical sensitivity in the North Deep
Field in a single ℓ bin 500 ≤ ℓ < 2000 using idealized Knox
errors, both in individual spectral channels (upper curves
in black) and after binning into ten broad spectral bands
(lower flat lines in black). Note that this ℓ bin, chosen to
match the angular scale of linear galaxy clustering, is slightly
wider than the measurements of Feder et al. (2025) at ℓ ∼
1300. Clearly, SPHEREx has sensitivity to galaxy popula-
tions across a broad range of redshift sub-intervals, including
the EoR, as indicated by the annotated colored curves (model
predictions from Mirocha et al., in prep.). Many spectral
features may be visible in the EoR component, starting with
Ly-α and the Lyman break at the blue edge of the wavelength
range, and extending through strong rest-frame optical lines
[OII], [OIII] + Hβ, and finally Hα near the red edge of the
SPHEREx band.

repetitive observations in deep regions are also ideal for

testing sources of potential systematic error (see §3.4).

2.3. Interstellar Ices

Key biogenic molecules, such as water (H2O), carbon

dioxide (CO2), carbon monoxide (CO) and methanol

(CH3OH), are locked in ices (Boogert et al. 2011, 2013;

Öberg et al. 2011) on the mantles of interstellar dust

grains, in amounts predicted in some cases to far exceed
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Figure 4. SPHEREx measures the abundances and proper-
ties of ice species by taking absorption spectra toward back-
ground stars and protostars. This comprehensive survey to-
ward ∼10 million targets spans the evolutionary stages of
star and planet formation from dense molecular clouds to
young solar systems with planetary disks.

those in the gas phase (Hollenbach et al. 2009). Ices

play a major role in forming planetesimals within disks,

and are a key source of water and organic molecules for

newly forming planets. Grain mantles are the sites of ac-

tive surface chemistry (Tielens & Hagen 1982; Cuppen

et al. 2009), and thus one might expect ice composition

to depend on their environment. The limited number of

existing ice spectra is insufficient to determine whether

the ices in protoplanetary disks, including our early So-

lar System, are mainly inherited from their progenitor

clouds (Dhooghe et al. 2017), or whether ice composition

evolves over time (Aikawa et al. 2012).

SPHEREx addresses these questions by conducting a

comprehensive survey of ices to better understand their

abundances, compositions, and how they evolve during

the early phases of star and planet formation. We se-

lected a list of more than 9 million targets based on

2MASS and WISE 3.4 and 4.6 µm catalogs using three
criteria: 1) a line-of-sight extinction AV > 2; 2) a WISE

4.6 µm flux brighter than ∼15 AB mag to ensure a high

signal-to-noise ratio in each SPHEREx spectral chan-

nel; and 3) targets that are separated from any neigh-

boring source contributing more than 1 % of their flux

by at least 7′′. The SPHEREx ices target list (Ashby

et al. 2023) will greatly expand – by more than a factor

of 10,000 – the database of ice absorption spectra pre-

viously obtained by ISO, AKARI, Spitzer and JWST,

significantly advancing our understanding of how ices

form and evolve as gas and dust transition from diffuse

to dense interstellar clouds, to circumstellar envelopes,

and ultimately to protoplanetary disks (Melnick et al.

(2025); see Figure 4).

2.4. All-Sky Spectral Survey

All-sky surveys (e.g. IRAS, COBE, AKARI, WISE)

play a major role in advancing the field of astronomy,

producing versatile legacy archives that prove valuable

for decades. SPHEREx extends this tradition by pro-

viding the first all-sky near-infrared spectral survey.

SPHEREx’s rich spectral database supports numerous

scientific investigations (Doré et al. 2016). These range

from studies of main sequence, low-mass, and evolved

stars, to spectral catalogs of galaxies, to surveys of solar

system objects, to observations of clusters, to Galactic

maps of line and PAH emission features. The all-sky sur-

vey complements recent and forthcoming astrophysics

satellites (Doré et al. 2018), including JWST, TESS,

Gaia, Euclid, eROSITA and Roman.

SPHEREx also provides a valuable dataset for the up-

coming generation of time-domain studies. In the all-sky

survey, SPHEREx measurements can serve as a refer-

ence every 6 months. Note that it typically takes 1-2

weeks to obtain a full 102-channel spectrum of any par-

ticular target in the all-sky survey. In the SPHEREx

deep fields with 50-100 times higher redundancy (see

Figure 9), observations are much more frequent, with

a cadence that depends in detail on the location of the

source. As shown in Figure 5, SPHEREx’s sensitivity

extends deeper optical imaging surveys into the infrared,

and provides spectral follow-up for sources detected in

WISE and 2MASS broadband photometry.

2.5. Legacy Catalogs

In addition to data products that support the 3 core

science themes (see §2.1 - §2.3), the SPHEREx science

team is curating 3 spectral catalogs that benefit from the

team’s specialized knowledge of the instrument: aster-

oids and comets; planet-bearing and low-mass stars; and

clusters of galaxies. The solar system objects catalog of

asteroids and comets consists of objects with known, but

changing positions. Ivezić et al. (2022) estimates that

SPHEREx will deliver meaningful flux measurements for

about 100,000 asteroids, of which ∼10,000 objects will

have high-quality spectra. Because the spectral obser-

vations are distributed over time, care must be taken

to account for the effects of rotation and changing dis-

tance. The wavelengths span from scattered sunlight to

thermal emission and include characteristic features of

olivine, pyroxene, hydroxyl, water ice, and organics, and

contain information on thermal properties that comple-

ment broadband photometry with the upcoming NEO

Surveyor satellite (Mainzer et al. 2023).

SPHEREx will provide spectra to supplement exter-

nal photometry from Gaia, GALEX, 2MASS and WISE

for over 600,000 main sequence stars surveyed for exo-

planets by the transit missions Kepler, K2 and TESS.
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Figure 5. All-sky and deep field point source sensitivity
derived from flight data (see §5.7 and Figure 19) as a func-
tion of wavelength. The thick red curve corresponds to the
all-sky sensitivity, while the thin red curve corresponds to
the deep field sensitivity, both after 2 years of observations.
The black dots represent the sensitivity in the 102 indepen-
dent wavelength channels. For reference, we add the depth
of unWISE (Lang 2014; Meisner et al. 2017, 2019, 2022),
2MASS (Skrutskie et al. 2006) and the DESI Legacy Imag-
ing Surveys catalog (Dey et al. 2019). Note that co-adding
the SPHEREx spectral channels within the broad W1 and
W2 bands gives an all-sky sensitivity that is very close to
that of unWISE.

These stellar SEDs will help determine best-fit effec-

tive temperatures, surface gravities, and [Fe/H] ratios to

percent or sub-percent precision. When combined with

Gaia astrometry, we can derive bolometric luminosities,

proper motions, stellar radii and extinctions. This com-

bination of data significantly improves planetary radius

estimates for many transiting planets, by reducing the

error from uncertainty in the stellar radius, which can

otherwise dominate, especially for cool stars (Stevens

et al. 2018). SPHEREx will also compile a spectral at-

las of 10,000 low-mass stars, from late M dwarfs and all

accessible brown dwarfs down to the coolest Y dwarfs.

Low-resolution near-infrared spectroscopy is crucial for

studying these cool stellar objects, which can have rich

spectra due to their complex atmospheres. The observa-

tions will use Gaia astrometry to account for significant

proper motions.

Finally, SPHEREx will produce a spectral catalog of

∼100,000 galaxy clusters. Galaxy clusters are large,

gravitationally bound structures, consisting of con-

stituent galaxies, dark matter, and hot intra-cluster gas

visible at X-ray wavelengths and through the millimeter-

wave Sunyaev-Zel’Dovich effect. Clusters form late in

the ΛCDM hierarchical model of galaxy formation and

are thus interesting subjects for cosmology, as well as

for elucidating star formation and feedback processes in

galaxies. Using photometry tools optimized for crowded

fields, the science team will determine fluxes and es-

timated redshifts of member galaxies. The SPHEREx

data will be assembled together with available optical,

X-ray and millimeter-wave observations. For selected

clusters the data may allow estimates of the stellar mass

and ages of cluster galaxies, as well as emission line

fluxes and equivalent widths.

3. SCIENCE TO REQUIREMENTS

SPHEREx is designed to fulfill the science require-

ments of its three primary scientific objectives. In short,

the inflationary cosmology theme is driven by having

sufficient high-accuracy and low-accuracy redshifts to

constrain the non-Gaussianity parameter fNL through

the bispectrum (Heinrich et al. 2024) and power spec-

trum, respectively. These in turn set requirements for

spectral resolving power and point source sensitivity in

bands 1-4 (see Table 2). The history of galaxy forma-

tion theme can carry out its science with the same re-

solving power and sensitivity, but must control noise

and systematic errors on degree angular scales in or-

der to accurately map extended cosmological structures.

The interstellar ices science theme studies bright Galac-

tic sources, but requires higher resolving power, with

wavelength coverage out to 5 µm to spectrally separate

ice absorption features. We describe the flow of engi-

neering requirements from science in abbreviated form,

but note that extensive simulations were carried out to

justify these choices during the mission development.

3.1. Spectral Coverage and Resolving Power

The four short-wavelength bands were designed for

the cosmological redshift survey, with resolving powers

of λ/∆λ ∼ 40 (see Table 2). We carried out simula-

tions (Stickley et al. 2016) of SPHEREx observations

on the COSMOS field, using realistic galaxy spectra

and including the effects of spectral confusion from faint

galaxies below SPHEREx’s sensitivity. These studies

indicated that we could obtain redshifts with accuracy

up to σz = ∆z/(1 + z) ≤ 0.003, required for the bis-

pectrum analysis, using only continuum features. The

most recent study of SPHEREx redshifts (Feder et al.

2024) confirms our choice of resolving power is appro-

priate, and indicates we could enhance the number of

high-accuracy redshifts by incorporating emission lines.

The galaxy formation theme can be accomplished with

the wavelength and spectral resolution choices for cos-

mology.

The two long-wavelength bands were designed to mea-

sure interstellar ices, with resolving powers of λ/∆λ =
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110 and 130 (see Table 2). The constraints of the survey

design require a fixed number of spectral channels per

band (see §4.3.3 and Figure 12), so the spectral range

is inversely related to the resolving power. Our chosen

criterion was to first cover wavelengths up to 5 µm to es-

tablish the underlying continuum, and then to measure

the equivalent width of the CO, CO2, CH3OH, OCS,

and XCN features, cleanly separating the 4.62 µm XCN

and 4.67 µm CO ice features. The broad H2O ice fea-

ture at 3 µm is easily resolved. However, the chosen

resolution is lower than needed to fully resolve all the

ice features. We simulated observations from measured

ice features over a range of extinction and stellar type

of the background star to substantiate these choices.

3.2. Point Source Sensitivity

The inflationary cosmology theme constrains infla-

tionary non-Gaussianity through measurements of the

power spectrum and bispectrum with a large catalog of

galaxies with a range of redshift accuracy (Doré et al.

2014). The number density of galaxies as a function of

redshift, their clustering biases, and their redshift accu-

racy set the measurement error on fNL. The forecasting

methodology used for the power spectrum is described

in Doré et al. (2014) and de Putter & Doré (2017). The

forecasting methodology used for the bispectrum follows

Heinrich et al. (2024) and includes an accurate han-

dling of redshift errors, but excludes the non-Gaussian

contribution to the covariance matrix (Biagetti et al.

2022; Salvalaggio et al. 2024) and the covariance be-

tween the power spectrum and bispectrum (de Putter

2018). It also assumes the galaxy biases universality

relation (Dalal et al. 2008; Barreira 2020). All these ef-

fects, when included, might reduce the fNL sensitivity

by tens of percent. However, a full analysis incorporat-

ing a multi-tracer analysis with optimal samples may

substantially improve the measurement error on fNL

from our initial forecast.

Feder et al. (2024) studied the number and accuracy of

redshifts using a template fitting method, which strongly

depends on point source sensitivity in bands 1-4. In or-

der to achieve the accuracy ∆fNL < 0.5 needed to mean-

ingfully discriminate between single-field and multi-field

inflation models, we set a requirement that the point

source sensitivity exceed 18.4 AB mag (5σ) per ∆λSC

spectral channel (see §4.2) in bands 1-4 once observa-

tions are complete (see Figure 6).

The galaxy formation theme can deeply probe for the

faint EOR clustering anisotropy signal with the surface

brightness sensitivity that comes from the point source

sensitivity requirement. The interstellar ices theme can

extract a required 20,000 high-quality ice-absorption

Figure 6. Translating accuracy on the fNL parameter to
point source sensitivity referenced at 2 µm. These curves
were obtained simulating SPHEREx all-sky survey photom-
etry on a COSMOS-based field to obtain realistic number
density of galaxies as a function of redshift. The galaxy
number densities were then processed with our cosmologi-
cal forecast machinery. The thick solid curves correspond to
statistical error (power spectrum in blue, bispectrum in pur-
ple and power spectrum and bispectrum combined in green).
The systematic error allocation of δn/n < 0.2% rms per dex
is shown by the shaded region bounded by a thin line. The
in-flight SPHEREx median point source sensitivity of 19.7
AB mag (see §5.7 and Figure 19) is given by the vertical
line.

spectra, with a signal-to-noise > 100 per spectral chan-

nel, with a non-driving sensitivity requirement of 9 AB

mag (100σ) in bands 5-6.

3.3. Spatial Resolution

The requirement for spatial resolution flows from the

goal of obtaining redshifts for inflationary cosmology sci-

ence. Given prior knowledge of the source positions, the

number and accuracy of the redshifts SPHEREx mea-

sures are driven by instrument point source sensitivity.

Therefore, the requirement on spatial resolution is to se-

lect the minimum pixel size that does not degrade point

source sensitivity in the all-sky survey. We give a de-

tailed calculation for this optimization in the appendix,

with the constraints of a fixed number of pixels and

fixed observation time, which concludes that the choice

of 6′′ pixels is optimal.

Using the simulation tools described in Stickley et al.

(2016), we studied photometry on point sources in the

presence of surrounding stars and galaxies below the

SPHEREx detection level with variously sized pixels and

PSFs. These calculations confirmed that photometry is

limited by instrumental (photon noise dominated) sensi-

tivity for the all-sky survey, and the effects of confusion
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are small. Consequently, reducing either the PSF or the

pixel size has little impact on the number of measured

redshifts. Indeed, we observed that a smaller PSF with

a fixed 6.′′2 pixel size improved photometric sensitivity,

though very modestly, by slightly reducing the effective

number of pixels Neff observing a point source.

Spectral confusion adds wavelength-coherent varia-

tions that depend on the pixel scale and the depth of

sources extracted for photometry (Huai et al. 2025). For

the all-sky survey, 6.′′2 pixels limit the density of tar-

geted sources due to beam overlap increasing noise, but

spectral confusion itself is small compared with instru-

ment noise. At the higher sensitivity in the deep fields,

spectral confusion may exceed instrument noise. For the

galaxy formation science theme in §2.2, the requirement

is to mask or otherwise remove point sources from the

map. For this science, 6.′′2 pixels suffice, because im-

proved spatial resolution only helps remove the faintest

sources. Finally, Huai et al. (2025) quantify the photo-

metric depth and galaxy redshifts that can be reliably

extracted from the deep field due to the effect of spectral

confusion.

3.4. Systematic Errors

Systematic errors must be mitigated to levels that

meet the three core science objectives. SPHEREx uses

a tiered strategy to: 1) control systematic errors in the

instrument design; 2) assess systematics through astro-

physical data; and 3) use in-flight measurements to fur-

ther mitigate systematics in data analysis, if necessary.

We confine our attention here to an abbreviated discus-

sion of systematic errors arising from the instrument,

though additional effects from astrophysical phenomena

and external data sets will also need to be considered

during science analysis. For the cosmology theme, we

budget systematic errors into a total allocation for spu-

rious clustering which totals to δn/n < 0.2% rms per dex

(see Figure 6). The most important instrumental effects

that enter are gain stability, noise bias and photometric

accuracy. In order to accurately map degree-scale struc-

tures, the galaxy formation theme must control errors

arising from stray light and dark current, ideally below

the level of statistical uncertainty. Finally, the inter-

stellar ices theme requires accurate channel-to-channel

photometry in order to recover the depth of ice absorp-

tion features. We describe the general approach for each

of these effects, but the final quantification must await

a full analysis of flight data.

3.4.1. Gain Stability

We intend to correct gain variations to < 1 % over 2

years for inflationary cosmology science. The instru-

ment controls gain stability by addressing the detec-

tors with stabilized biases and references that are on

thermally regulated oven-controlled regions in the warm

electronics circuit boards, and by thermally regulating

the H2RG detectors. The WISE mission shows remark-

able stability with its H1RG arrays (Cutri et al. 2018),

with < 0.5% variation in amplitude over 8 years after

correcting for drifts in the uncontrolled detector temper-

atures. SPHEREx will monitor gain stability by mea-

suring the relative flux of ∼100,000 bright stars in the

deep fields. The deep fields are generally observed every

orbit, and the stars provide ample statistical sensitivity

to track relative gain changes in every readout channel.

3.4.2. Noise Bias

If uncorrected, variations in sensitivity on the sky lead

to spurious clustering due to redshift non-uniformity.

Because SPHEREx is photon noise limited, sensitivity

variations are driven by spatial variations in sky bright-

ness, primarily due to variations in Zodiacal light. We

plan to mitigate the amplitude of the raw effect on spu-

rious clustering (Doré et al. 2014) by a factor of ∼20 by

injecting artificial sources into the data pipeline (Huff

et al. 2014; Suchyta et al. 2016; Everett et al. 2022).

Since the artificial sources are observed with noise real-

izations of real data, they accurately track the variations

in redshift number density due to variations in sensitiv-

ity. We also model the detector noise with photocurrent

(Nguyen et al. 2025), and record daily image pairs taken

of the same field to provide an accurate in-flight assess-

ment of the noise behavior per pixel.

3.4.3. Photometric Accuracy

In order to control systematics in the optimal pho-

tometry (see §3.3) of galaxy redshifts and interstellar

ice features, SPHEREx requires a careful determination

of the instrument PSF, a precise determination of the

flat-field response of pixels over the focal plane, and

an accurate calibration, both between spectral channels

and overall for comparison with other datasets. The

PSF is measured in small regions of the focal plane by

sub-pixel stacking star images with accurate astrometry,

and deconvolving the pixel response function. The flat-

field response matrix connects the gain of pixels within

a spectral channel to discrete locations measured with

calibration stars. We developed a method that oper-

ates on an ensemble of images taken over the mission

at varying Zodiacal brightness levels. The response of

each pixel is regressed against a tracer of the Zodia-

cal light. We then divide this Zodiacal template image

by the overall spectral response to Zodiacal light with

wavelength to obtain the flat-field matrix. The regres-

sion offsets also provide an estimate of the dark current

per pixel. We apply small corrections to this method to
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remove bright Galactic regions, account for variations in

the pixel size due to optical distortion, and remove the

brightness gradient with solar elongation. The top-level

calibration target is 3.0 % (2.0 %) for overall (channel-

to-channel) accuracy. Of this, we allocate 2.0 % (1.5

%) to uncertainties in the calibrators, to be added in

quadrature with 2.1 % (1.1 %) allocated to the instru-

ment and 0.7 % allocated to the combined errors from

the PSF and flat-field determinations.

3.4.4. Stray Light

SPHEREx uses an off-axis telescope design to control

stray light on scales ranging from the 6′′ PSF core to tens

of degrees. An extended PSF produces ‘halos’ that are

problematic around bright sources. The design reduces

the extended PSF by controlling mirror roughness, par-

ticulate contamination, and multiple reflections between

the LVFs and detectors. The extension is well measured

in flight data and can be mitigated by a combination

of masking and numerical subtraction. The response to

bright stars outside the field of view is controlled by a

series of baffles around the mirrors and detectors. Fi-

nally, far-angle response to the Earth and Galactic plane

are controlled by the telescope design. We have carried

out a series of in-flight measurements to assess the level

of systematic error that results in the deep field maps

used in the galaxy formation science theme. We will

further check susceptibility by comparing subsets of the

deep maps, made under different stray light conditions,

for statistical consistency. A detailed analysis of the de-

sign and the in-flight measurements will be presented in

a future publication (Dowell et al. 2026).

3.4.5. Dark Current

Detector dark current produces a systematic error for

galaxy formation science by leaving a residual pattern

in the deep field maps. The dark current levels reported

in Table 3 were measured in the laboratory under flight-

like conditions, using the flight cadence and regular re-

sets in 32-channel output mode. We simulated deep field

mosaics from these lab dark current images, and find a

residual signal in a synthesized broad ∼20 % band at

1.2 µm at the level of D
1/2
ℓ ≃ 7 pWm−2 at an angular

scale of 500 < ℓ < 2000. To reach our target level for

this systematic, we plan to measure and subtract dark

current to a modest accuracy of < 20 % using the offsets

produced by the Zodiacal flat-field estimator described

in §3.4.3. We have already produced dark current esti-

mates using this method on early flight data and find

general agreement with the laboratory measurements.

Once the deep fields are fully observed, we will construct

null tests with chosen combinations of images (Zemcov

et al. 2014) to quantify the level of systematic error that

arises from dark current and other mechanisms.

3.4.6. Voxel Completeness

The four surveys we planned in the baseline mission

are necessary to build sensitivity, interleave spectral

sampling, identify time-variable sources, and test photo-

metric reliability with independent measurements. We

set a modest completeness of spectral-spatial elements

(’voxels’) to be > 90 % per survey.

4. IMPLEMENTATION

SPHEREx is a NASA medium class Explorer

(MIDEX) satellite, managed and operated by the Jet

Propulsion Laboratory (JPL) for the principal investi-

gator, James J. Bock. JPL provided the payload ther-

mal system, consisting of the photon shields, V-groove

coolers, and bipod supports, and developed the focal

plane mechanical assemblies. British Aerospace (BAE)

Systems (formerly Ball Aerospace & Technologies Cor-

poration) provided the telescope and spacecraft. The

California Institute of Technology (Caltech) provided

readout electronics and the dichroic beamsplitter (DBS).

Teledyne Imaging Systems provided the detector arrays

and Viavi Solutions developed the LVFs and coated the

DBS. Caltech characterized the integrated instrument

for focus, spectral response, and calibration. BAE and

JPL integrated the instrument, payload thermal system,

and spacecraft into an assembled observatory, and car-

ried out environmental testing prior to launch. The

Korea Astronomy and Space Science Institute (KASI)

provided a cryogenic vacuum chamber to test the in-

strument. KASI currently curates the solar system ob-

jects catalog, and contributes to scientific data anal-

ysis. IPAC handles the data processing and analysis

through Level 3 (see §4.6), and releases data products

and analysis tools to the public through IPAC’s Infrared

Science Archive (IRSA). The basic specifications of the

SPHEREx observatory (see Figure 1) are summarized

in Table 1.

4.1. Mission Design

SPHEREx adopted a Sun-synchronous orbit for rea-

sons of thermal performance, following the examples of

IRAS, COBE, AKARI and WISE. To facilitate mapping

the sky, we chose an orbital inclination of 97.951◦ that

gives a precession rate of 360 degrees per year. Based

on the achieved orbital parameters, we forecast that the

current SPHEREx orbit would enable continued survey

observations for more than 15 years.

The observatory conducts observations in a restricted

sky region, keeping the Sun at least 91◦ off the axis of
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Parameter Value

Launch Mass 499.9 kg

Outer Dimensions ϕ320 × 230 cm

Solar Panel Size 267 × 102 cm

Power 271 W

Science Data Volume 20 GB/day

Orbit Sun-synchronous

Semi-Major Axis 7037.4 km

Orbital Inclination 97.951 deg

Orbital Ellipticity 0.00034

Longitude of Ascending Node 27.06 deg

Mean Local Time of Ascending Node 6:00 AM

Telescope Off-axis 3-mirror free-form

Effective Aperture 20.0 cm

Pixel scale 6.2 arcseconds

Detectors 6 x H2RG

Table 1. Table of basic parameters for the SPHEREx ob-
servatory

Band Wavelength Range Resolving Power

B1 0.75 - 1.11 µm 41

B2 1.11 - 1.64 µm 41

B3 1.64 - 2.42 µm 41

B4 2.42 - 3.82 µm 35

B5 3.82 - 4.42 µm 110

B6 4.42 - 5.00 µm 130

Table 2. Properties of the LVF spectrometers. Note the
wavelength range is given for wavelengths that are present
across the array. There are small regions with further cov-
erage on each detector that provide some spectral overlap
between bands.

the photon shields. The observatory collects data in

116.9 second exposures while the observatory pointing

is stable. The exposures are generally close to the great

circle 90◦ from the Sun. However, we exploit the free-

dom to depart the great circle, within the limits of the

Sun, Earth, and Moon avoidance constraints, to cover

the sky efficiently. The telescope boresight is tipped to-

wards the solar panels by 8◦, which is needed to cover the

full sky, especially at the ecliptic poles, while maintain-

ing the 93.5◦ Sun avoidance angle. In contrast, (IRAS

and WISE) kept the telescope bore sight aligned with

the spacecraft z-axis, and adopted a canted sun shield

to allow a Sun avoidance angle less than 90 degrees.

4.2. Survey Design

The SPHEREx survey (Bryan et al. 2025) is designed

to cover the entire sky, observing every point on the sky

in each of its 102 spectral channels, at least twice per

year. We define spectral channels in intervals given by

∆λSC =
∫
T (λ)dλ, where T (λ) is the LVF transmis-

sion normalized to unity at peak. The required spectral

range and resolving power set the minimum number of

spectral channels. However, to simplify the LVF fab-

rication we fix the resolving power per band, and to

simplify the survey design we require that all the spec-

tral channels subtend the same angular size on the focal

plane. Our design thus has 17 spectral channels (see

§4.3.3 and Figure 12) for each of the 6 bands in Table 2.

In the survey design, we consider a spectral channel to

be measured when the observed wavelength falls within

the geometrically-defined region. Note that each object

will actually be observed at a unique set of wavelengths,

and will typically have more than 102 wavelength obser-

vations in each survey. Because the interval of a spectral

channel does not Nyquist sample the spectral response

of the LVF, we shift the targets by half a spectral chan-

nel, i.e. 1
2∆λSC , between the first and third, and second

and fourth surveys.

To cover the sky, the observatory slews to a series of

pre-programmed targets, maintaining avoidance crite-

ria to the Sun, Earth and Moon. The motion between

pointings is generally along the gradient direction of the

LVFs (see Figure 12). The observations are typically

executed in a series of 1 to 4 exposures, where an expo-

sure produces a set of 6 spectral images, one per detec-

tor. Exposures in a set are separated by small slews of

11.8 arcminutes, chosen to match the distance between

spectral channels and to minimize time lost between ex-

posures. However, the motion of the orbit around Earth

eventually requires a large slew, with an angular length

of up to 70◦, to maintain Earth avoidance (see Figure

8). The survey plan interleaves telemetry passes with

the observing sequence to ensure smooth operations.

The survey design does not count observations in the

South Atlantic Anomaly (SAA) region towards com-

pleteness (see §3.4.6), although the images are still taken

and the data telemetered. Finally, we allow for a small

fraction of the images, 1 to 3 % on average, to be flagged

for potential reobservation for reasons of data quality.

Presently we use a criterion based on the fraction of

transient events, mainly from energetic particles hitting

the detectors, flagged during the exposure to reobserve

the most degraded images. As we gain familiarity with

the performance, and solar activity varies with the solar

cycle, more sophisticated criteria may be adopted in the

future.

4.2.1. Earth and Sun Avoidance

We set criteria for the survey to avoid the Sun and

Earth throughout observations. Autonomous fault pro-
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Figure 7. Simulated coverage of the second of the four all-sky surveys, shown as the number of spectral channels observed per
6.′′2 sky pixel. This survey has the lowest voxel completeness of the four, with 99.54% observations of all spectral channels over
all sky pixels. The region at the left with incomplete coverage is due to moon avoidance.

tection onboard the satellite maintains more conserva-

tive avoidance angle criteria. Here we give the avoidance

angles that we use with our Survey Planning Software

that have margin to the fault protection values. The

survey keeps the Sun > 93.5◦ off axis, so that sunshine

never illuminates the inner photon shield where heating

and stray light response would be unacceptable. As the

spacecraft z-axis points away from local zenith, earth-

shine starts to illuminate the inner photon shield for

zenith angles larger than 25◦, and specularly reflects to

space. As the angle increases, earthshine will illumi-

nate the top of the telescope baffle and the black radi-

ator panel that cools the MWIR detectors. We origi-

nally defined the earth avoidance criteria to always keep

the zenith angle smaller than 39.3◦. However, in-orbit

measurements of the stray light response to the Earth’s

limb (see §5.8) showed that the zenith angle could be

increased. Therefore, we adopted the criterion that the

zenith angle should be < 45◦. Furthermore, from in-

orbit observations, we learned that the detectors see

strong shuttle glow emission (see §5.9.2) at 3 and 4.5

µm when the observatory is tipped towards our direc-

tion of flight (i.e. the ram direction). To mitigate this,

we set a criterion that the telescope point < 20◦ from

zenith in the ram direction. While this significantly re-

duces the amplitude of shuttle glow, it is still present in

the images at a low level. Taken together, the allowable

pointing zone is now larger than the pre-launch estimate,

improving our ability to survey the sky efficiently with-

out losing more time to large slews and other overheads.

4.2.2. Moon Avoidance

We avoid the moon by > 32◦ from the telescope bore-

sight during observations, while maintaining a less re-

strictive angle of > 13◦ during slews.

4.2.3. South Atlantic Anomaly

The survey design excludes a region associated with

the SAA, accounting for 8.1 % of the Earth’s surface

area and modeled as a quadrilateral centered on -26◦/-

45◦ lat/lon, where the transient rate on the detectors

is significantly elevated. The survey is designed to fully

cover the sky while excluding data obtained in the SAA.

However, images from the SAA region are still teleme-
tered and available for analysis by the science team.

4.2.4. Deep Fields

Each orbit, as the spacecraft points at target fields to

cover the full sky, it also observes targets in two deep

survey fields located near the north and south ecliptic

poles that were chosen for the galaxy formation science

theme. These deep surveys are designed to map the

smallest field possible, each about 100 square degrees

due to SPHEREx’s large field of view, with complete

spectral coverage. As shown in Figure 9, the expected

depth varies over each field, peaking at more than 400

observations in every channel at the center and gradually

falling off at the edges. The southern field is displaced

from the ecliptic pole in order to avoid the Magellanic

Clouds, although this results in less favorable coverage

compared with the northern field.
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Figure 8. Schematic of activities during operations. The
spacecraft executes a series of pointed exposures over an orbit
(green), separated either by small slews (tan) or large slews
(pink) to maintain avoidance criteria to the Earth, Sun and
Moon. During periods where the Moon is visible, the space-
craft may make a larger slew (red) to avoid coming too close
to the Moon. Several times a day the satellite telemeters
science data to the Near Space Network (NSN) (blue) and
then returns to observing. The spacecraft unloads momen-
tum (purple) via magnetic torque rods during large slews.

4.2.5. Survey Cadence

The survey proceeds by filling in observations near

the great circle 90◦ from the Sun in piecewise fashion.

Over the course of each survey, a typical object on the

sky will be observed in all of the spectral channels within

approximately two weeks. Because the LVF wavelengths

vary continuously over the field of view, the exact central

wavelengths will slightly vary, with a unique pattern for

each object. During the first year, we define survey 1

where the spectral gradient of the LVFs points toward

the ecliptic South pole, and survey 2 where the gradient

points toward the North. Thus after approximately 6

months the sky will be fully observed, with roughly half

the observations in survey 1 and half in survey 2. After

the baseline 2 year mission, the sky will be observed 4

times in all of the spectral channels, and objects will

have 2 Nyquist-sampled spectra.

4.3. Instrument Design

As a NASA Explorer satellite, SPHEREx is designed

to carry out its scientific objectives with an economi-

cal implementation. We developed the observatory to

carry out its survey using a spectrometer without mov-

ing parts, based on an entirely passive cooling system

and a single-string architecture throughout the instru-

ment and spacecraft. Further discussion of the instru-

ment design, testing, and performance can be found in

Korngut et al. (2025).

4.3.1. Cooling System

SPHEREx uses a multi-stage radiative cooling system

to achieve its desired operating temperatures for the op-

tical system and FPAs. The basic approach follows the

thermal design of the Planck satellite, which used a 3-

stage V-groove radiator to cool its radiator panels to

140, 90 and 46 K, with the telescope reaching 36 K

(Planck Collaboration et al. 2011). However, Planck

operated in a halo orbit about the second Earth-Sun

Lagrange point (L2), which avoided emission from the

Earth and naturally shaded the V-grooves from direct

sunlight by the spacecraft body and solar panel.

Following Planck, SPHEREx has 3 V-groove panels

located between the spacecraft and the telescope (see

Figure 1). Being in low-Earth orbit, the design incor-

porates 3 conical “photon shields”, which serve as ex-

tensions of the 3 V-groove coolers. The photon shield

cone angles are progressively increased from inner to

outer to allow thermal photons to escape to space in

a few specular reflections. The nested cones also pro-

tect the cold instrument from being illuminated by the
Sun or the Earth. During observations, the Earth illu-

minates the inner photon shield, but at an angle where

the light then reflects to cold space without intercepting

the instrument. The telescope and focal planes are sup-

ported on low-conductivity bipods, which are thermally

intercepted at each of the 3 V-grooves to reduce con-

ducted power to the instrument. The thermally isolated

telescope also radiates to space, effectively comprising a

fourth radiation stage. Finally, the MWIR FPA requires

the lowest temperature. It is cooled by a dedicated ra-

diator panel, the fifth radiation stage, that is isolated

from the telescope by bipods. Moore et al. (2025) will

present further information on the design and in-flight

performance of the SPHEREx thermal system (also see

§5.2).

4.3.2. Optics
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Figure 9. Simulated coverage of the SPHEREx deep fields, illustrated as the minimum number of observations per 6.′′2 sky
pixel across all 102 spectral channels after two years of planned observations. The northern field is centered on the north ecliptic
pole, while the southern field is offset from the south ecliptic pole and centered at ecliptic latitude −82◦ and ecliptic longitude
−44◦.8 to avoid the Magellanic Clouds. Ecliptic coordinates are overlaid for reference.

SPHEREx uses an off-axis 3-mirror high-throughput

telescope that supports a wide 3.5◦ × 11.5◦ telecentric

field of view (see Figure 10). The optical path is split by

the DBS (see Figure 11) into two focal planes to further

increase the light-gathering power. The pupil stop at

the secondary mirror sets the effective aperture diame-

ter of 20.0 cm. The illumination on the primary moves

with location on the focal plane, leading to the primary

mirror having dimensions of 26.2 × 35.1 cm. The optical

design minimizes aberrations by using free-form surfaces

on all 3 mirrors. Assuming ideal alignment, the geomet-

ric spot size in the design varies from 3.4 to 11.0 µm,

compared with 18 µm pixels, with the largest spots oc-

curring at the corners of the field of view. The optics

have a moderate level of distortion, up to 0.5 % over

the field of view, which must be accounted in the data

processing.

BAE assembled and aligned the telescope, and cryo-

genically tested the image quality before and after en-

vironmental vibration testing (Frater et al. 2023). The

mirrors and housing were all fabricated from a single

billet of Aluminum 6061 alloy in order to minimize mis-

alignment at cryogenic temperature. The mirrors were

fabricated with light-weighted back surfaces and coated

with FSG98-protected gold to reduce reflection loss. Af-

ter assembly, the measured spot sizes varied from 3.9 to

10.8 µm (SWIR) and 7 to 14.7 µm (MWIR) at ambi-

ent temperature, and from 4.4 to 17.4 µm (SWIR) at

58 K (the cryogenic performance was only measured in

Figure 10. Ray trace of the SPHEREx optics, an off-axis
3-mirror free-form design with a wide 3.5◦ × 11.5◦ field of
view. In this view, the long direction of the field of view is
out of the page. The 20.0 cm effective aperture is defined
by a pupil stop at the secondary (M2), so that the primary
(M1) mirror is somewhat physically larger than the effective
diameter. The DBS reflects (transmits) infrared light to the
SWIR (MWIR) focal plane assemblies with an f/3 focus.

reflection off the DBS with optical interferometry). We

attribute the increase, most evident at the extreme cor-
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Figure 11. Measured reflection (dashed line) and transmis-
sion (solid line) for the DBS, with a crossover wavelength at
2.42 µm. The colors indicate the transition between the 6
focal plane bands detailed in Table 2.

ners of bands 3 (see Figure 17), to alignment errors and

mounting stress in the mirrors. The image quality, as-

suming ideal placement of the focal plane surface, is bet-

ter than 3′′ FWHM over most of the SWIR focal plane.

In the extreme corners in band 3, the PSF becomes as

large as 6′′. The PSF in the MWIR focal plane increases

up to 5.5′′ due to diffraction at longer wavelengths.

4.3.3. Spectroscopy

SPHEREx carries out spectroscopy by placing high-

efficiency LVFs over each of the 6 H2RG focal plane

detector arrays. While this simple approach is unique

to astrophysics, it was used in two NASA planetary mis-

sions (Reuter et al. 2008; Reuter & Simon-Miller 2012)

to rapidly map the surfaces of solar system objects in

low-resolution infrared spectroscopy.

The LVFs are designed with a logarithmic wavelength

progression, such that the distance along the filter varies

as x(λ) = kR ln(λ/λ0), where R is the chosen resolv-

ing power (see Table 2), λ0 is the starting wavelength

and k is the linear distance between spectral channels

(11.8 arcminutes), which we hold constant for all 6 of

the arrays. Thus the width of the ith spectral channel,

between λi = λ0(1 + 1/R)i and λi+1 = λ0(1 + 1/R)i+1,

is kR ln(1 + 1/R) ≃ k.

The spectral response of the instrument was mea-

sured at operating temperature in the laboratory using

a specialized cryostat equipped with a cooled integrat-

ing sphere and Winston horn arrangement to illuminate

the focal surface uniformly. The integrating sphere was

coupled to a laboratory grating spectrometer to measure

the spectral response of every pixel in the focal plane,

providing measurements of the band width, band center,

and out-of-band blocking. We show the central wave-

length measured over the 6 focal plane arrays in Figure

12. A full description of the measurement apparatus

and results will be presented in Hui et al. (2025).

4.3.4. Focal Plane Assemblies

SPHEREx uses two Focal Plane Assemblies (FPAs)

to mechanically support and thermally isolate two focal

plane blocks, each with 3 LVF-H2RG pairs. The LVF

is precisely located with a small (50 to 120 µm) gap to

the detector surface. The system must have a highly

athermal design to maintain stable focus, to within 0.36

µm over 6 months, as the telescope temperature changes

during the mission lifetime. The approach matches the

thermal expansion coefficient of the all-aluminum tele-

scope assembly. The FPA must also keep the detector

temperature stable to < 0.7 µK s−1 over an exposure

to reduce dark current from thermally-modulated off-

set voltages. The FPA thermally isolates the detectors

so that their temperature may be accurately monitored

and controlled within the available heat sink power.

Each FPA (see Figure 13) mounts to the telescope

with a 3 mm gap between the mounting points and

the optical focus. The SWIR focal plane block is ther-

mally connected to the 62 K telescope, but the MWIR

is connected to the MWIR radiator to achieve a lower

45 K operating temperature. The FPA uses a titanium

suspension and Kapton readout cables with constantan

electrical traces to provide the requisite thermal isola-

tion, while the detector temperatures are controlled by a

pair of coarse and fine thermometers and heaters located

on the thermal strap.

SPHEREx uses 6 Hawaii-2RG detector arrays (Blank

et al. 2012), part of a family of detectors with a long her-

itage in space-based applications (Beletic 2024), housed

in the two FPAs. The SWIR FPA views the DBS in re-

flection, while the MWIR FPA views the DBS in trans-

mission. The SWIR detectors were fabricated with a

cut-off wavelength of 2.65 µm while the MWIR detec-

tors have a cut-off wavelength of 5.4 µm. The properties

of the detectors are summarized in Table 3. Note that

each H2RG detector provides a 4 pixel-wide frame of

non-photosensitive reference pixels that can be used to

assess dark current and noise properties.

4.3.5. Readout Electronics

SPHEREx warm electronics (see Heaton et al. (2023)

for a detailed description) control and read the detector

arrays, digitize the data, perform sample-up-the-ramp

(SUR; Garnett & Forrest (1993)) fitting to extract the
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Figure 12. The central wavelength of the spectral response of each pixel measured over the 6 detector arrays in the focal plane.
The central wavelength varies continuously over the focal plane. We designate with lines our convention for spectral channels.
These regions are defined geometrically, but nearly coincide to where the wavelengths falls between λi and λi(1 + 1/R) for the
resolving powers R given in Table 2. The iso-wavelength contours on all 6 LVFs have a matched curvature that comes from the
fabrication process. The survey proceeds by moving the telescope along the vertical direction (indicated by the arrow) between
exposures in order to obtain samples in all 102 spectral channels in each survey. Due to the complex survey pattern needed to
cover the full sky, the horizontal location of each observation on the field of view will vary object by object depending on its
location on the sky.

detector current, compress the resulting data, and pass

the output to the spacecraft computer for telemetry.

The electronics also reads out instrument thermometry

and controls the SWIR and MWIR temperatures. The

readout electronics employ 6 identical readout boards,

which provide bias and timing signals for each of the 6

detector arrays. The readout boards are operated by

a central electronics board that communicates with the

spacecraft computer. The bias voltages for the H2RGs

are generated in an oven-controlled region of the readout

board to minimize thermally-induced drifts.

Each H2RG detector is read out by 4 custom Video8

application-specific integrated circuit (ASIC) amplifier

chips, operating 32 readout channels at 100 kHz sam-

pling. The Video8 was designed for low noise and

high 1/f stability, commensurate with the diffuse map-

ping requirements of the galaxy formation theme. Each

Video8 chip has 8 fully differential readout channels, de-

signed to minimize EMI/EMC and microphonic suscep-

tibility of the readout cables between the warm elec-

tronics and the cryogenic detectors. The ASIC has two

banks of 4 readout channels, where each bank interfaces

with a 20-bit off-chip ADC. A Video8 readout channel

consists of a preamplifier and a pair of integrators. The

integrators filter the signal for optimum noise perfor-

mance, and then sample and hold the signal for the

ADC. The integrators work in an interleaved fashion,

with one side carrying out the integration while the

other holds for the ADC. The design also features analog

switches at the preamplifier input, where the switches

can be closed to a reference voltage to monitor the off-

set of the amplifier. These reference samples are incor-
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Figure 13. (Top) Overview of the FPA, with the 3 LVF-
H2RG pairs pointing up. The three bimetallic bipod mount-
ing points, where the FPA bolts to the telescope assembly,
are also visible at the top surface. (Bottom) Cross-section of
the FPA assembly, now inverted with the LVF-H2RG pair at
the bottom. The focal plane block is supported on a reen-
trant Titanium 6Al-4V bipod assembly with a mid-frame,
shown in green. The thermal strap assembly, shown in pink,
is also supported and thermally isolated by a separate set of
Ti bipods, providing a bolted interface at the top. Coarse
and fine thermometers and heaters are located at the end
fittings of the strap. A set of kapton cables with constan-
tan electrical traces route the detector clocks and signals to
three 130-way connectors at the top. The enclosure provides
micro-meteoroid and ESD protection, and a light-tight envi-
ronment with labyrinth seals around the thermally-isolated
focal plane block and thermal strap.

porated into the data stream as “phantom pixels”, and

are used to monitor and precisely subtract the leakage

Band QCDS ∆I Idark Idark,ref Yield

e−/s e−/s e−/s e−/s %

B1 15.62 0.057 -0.060 -0.018 99.89

B2 12.12 0.048 -0.050 -0.017 99.88

B3 13.67 0.053 -0.058 -0.022 99.82

B4 9.16 0.051 0.023 0.044 97.07

B5 9.27 0.049 0.023 0.049 99.15

B6 9.37 0.048 0.019 0.043 99.09

Table 3. Properties of the 6 H2RG detectors measured in
the laboratory under dark conditions. QCDS refers to the
median rms charge on a pixel after differencing two consec-
utive reads, ∆I is the median error in the current in a 112
s integration, Idark is the median dark current without ref-
erence pixel subtraction, Idark,ref is the dark current after
subtracting the median of the reference pixels in each read-
out channel, and the yield is the fraction of pixels that were
designated as usable for science observations. Most of the
measured dark current comes from a transient response to
the reset where the response is somewhat different between
reference and optical pixels. The dark current also arises
from operating the detectors in 32-channel output mode with
a rapid 1.5 s read interval, which produces a low level of mul-
tiplexer glow. These values include any contributions to dark
current and noise from the warm readout electronics.

current of the preamplifier (typically several e−/s). Cal-

tech and JPL qualified the Video8 ASIC for operation

in space, including radiation tests for latch-up and total

dose.

SPHEREx uses the SUR algorithm to reduce the data

volume to fit within the available telemetry bandwidth.

SUR provides a best-fit slope to measure the photocur-

rent using a constant sampling cadence every 1.5 s. The

regular sampling provides additional flexibility, enabling

the detection of transients and saturation on board. Our

SUR algorithm (Zemcov et al. 2016) identifies saturation

on bright sources, and for sources that do not saturate in

a few reads, returns a best-fit slope over a restricted time

period to give a larger dynamic range. The algorithm

also searches for voltage jumps caused by energetic par-

ticles, to a chosen threshold, and returns a best-fit slope

from data prior to the event. The algorithm returns flags

identifying these special cases, and also a flag indicating

if the flagged voltage jump occurred in the first half or

second half of the exposure.

SPHEREx uses a “row-chopping” method to mit-

igate large-scale spatial noise, as required by the

galaxy formation theme. Row-chopping reads rows

non-sequentially, i.e. reading a row, skipping 32 rows,

and reading the next row. The effect is to modulate

common-mode 1/f noise, dominated by the amplifica-

tion chain in the the array read out integrated circuit

(ROIC), to high spatial frequencies. The modulated 1/f
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noise is small at these frequencies compared with white

noise.

Row-chopping is very effective in removing the effect

of 1/f noise within a readout channel. However, the

common-mode 1/f leaves a small drift that translates

to a different offset current in each readout channel.

We can average the 8 rows of photo-insensitive refer-

ence pixels available in the H2RG detector to measure

and subtract the offsets in each channel. Laboratory

tests in a dark test cryostat (Nguyen et al. 2025) us-

ing this method showed the low spatial frequency noise

was below the expected level of photon noise in bands

1 - 4 for spatial wavenumber k > 0.03 pix−1 (or multi-

pole ℓ > 500 for our 6.′′2 pixel scale). Note the photon

noise level in Figure 9 of Nguyen et al. (2025) is from

an early estimate of optical efficiency, and should be in-

creased by a factor of ∼4 (in e2 s−2 units) to match

the in-flight photocurrent. The tests also showed that

subtracting the median of the optical pixels within a

readout channel further improves the 1/f performance,

as the channel offsets can be measured more accurately

(even with photon noise) than by averaging the compar-

atively small number of reference pixels.

4.4. Spacecraft

The SPHEREx spacecraft (see Figure 1) is based on

a single-string architecture using high-reliability compo-

nents. The basic function of the spacecraft is to reliably

return spectral imaging data from the instrument by ex-

ecuting the survey plan with a succession of agile slews

to accurate and stable pointings, while maintaining the

avoidance criteria to the Earth and Sun. The spacecraft

is based on a modular configurable platform developed

by BAE Systems.

The hexagonal bus structure supports the payload

and houses the spacecraft components on its interior

and exterior sides. Components mounted on the exte-

rior include the instrument readout electronics, two star

tracker optical heads, the single solar panel array, and

the inertial reference unit and magnetometer. Given

the dimensions of the Falcon 9 launch vehicle fairing,

the project chose a design with fixed structures for the

photon shields and solar panel to eliminate the risk of

mechanical deployments.

The attitude determination and control system mea-

sures attitude and rates by combining a two-headed star

tracker to provide an absolute celestial reference, with

an inertial reference unit based on a hemispherical res-

onator gyro. An array of sun sensors, one magnetometer

and an on-board GPS receiver provide reliable coarse

attitude determination, celestial positioning, and tim-

ing knowledge. The system uses a set of 4 reaction

wheels to execute maneuvers for slews and pointing sta-

bilization. The wheels are mounted in a tetrahedral

configuration oriented to maximize slew performance

along the axes most commonly used in survey opera-

tions. The configuration allows the vehicle to retain

three-axis control, although with reduced slew perfor-

mance, on 3 wheels. The spacecraft intermittently un-

loads momentum during slews and communication ma-

neuvers through the Earth’s magnetic field via 3 mag-

netic torque rods. SPHEREx does not require orbit

maintenance and therefore has no propulsion system.

The spacecraft receives compressed data from the in-

strument that it stores on a 128 GB flight data recorder

with more than 6 operating days of science storage ca-

pacity. The spacecraft communicates via S-band for

command uplink and health-and-status downlink, and

Ka-band for high-rate science data downlink. The S-

band transceiver provides 2 Mbps in pointed downlink

via a nadir-pointed antenna, with omnidirectional cou-

pled antennas for 32 kbps downlink and 2 kbps com-

mand uplink. The Ka-band system transmits at 600

Mbps through two medium-gain antennas located at the

bottom of the spacecraft. The boresights of the two an-

tennas are offset to give sufficient views to ground sta-

tions near the Earth’s poles while maintaining the Earth

and Sun avoidance criteria. Only one of the antennas

transmits at a time through a radio frequency switch.

The spacecraft avionics unit houses both general and

mission-specific cards. The RAD750 single-board com-

puter within the avionics unit hosts the flight software,

which operates the spacecraft subsystems using a table-

driven software architecture.

4.5. Mission Operations

Mission operations are conducted at JPL from the

Earth Orbiter Mission Operations Center using ground

systems adapted from the WISE/NEOWISE missions.

The Survey Planning Software (Bryan et al. 2025), de-

veloped by Arizona State University, is run for the next

planning period using the latest orbit prediction to pro-

vide an accurate forecast of Earth and Moon avoidance

constraints. The team generates command sequences

twice a week from the survey plan, and checks con-

straints independently. During a typical day, the space-

craft transmits science data through several ∼5 minute

passes. The spacecraft points during these maneuvers

to maintain the telemetry link while adhering to the

avoidance constraints. No imaging data is taken dur-

ing these downlinks. The team issues commands and

receives telemetry via the S-band link. The mission op-

erations team typically downlinks 20 GB of science data

each day at 600 Mbps via the Ka-band link. All com-
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munications are routed through NASA’s NSN ground

stations, including those at Fairbanks in Alaska, Punta

Arenas in Chile, Svalbard in Norway and the Troll Satel-

lite Station in Antarctica.

4.6. Data Processing and Archiving

The SPHEREx data processing flow includes four lev-

els of data processing. Level 1 to 3 are performed by the

SPHEREx Science Data Center (SSDC) at IPAC and

Level 4 is performed by the SPHEREx Science Team.

Importantly, the SSDC pipeline does not perform blind

source detection and extraction. Instead, it measures

the flux of sources listed in a reference catalog (Yang

et al. 2025) that is generated by the SPHEREx Sci-

ence Team which includes calibration sources (both pho-

tometric and astrometric), science targets for the cos-

mology and interstellar ices themes, and any nearby

sources that need to be included for photometric sep-

aration. Figure 14 shows the high-level organization of

the pipeline levels, data products and tools. Additional

details for the Level 1 to 3 pipeline can be found in

Akeson et al. (2025a) and the SPHEREx Explanatory

Supplement (Akeson et al. 2025b).

4.6.1. Level 0 and 1 Processing

The Level 1 pipeline takes Ka-band and S-band inputs

from data ingestion and produces engineering unit im-

ages in a standard format and with the necessary header

information for later calibration operations. Key func-

tional steps in Level 1 include:

• Decompressing the individual packets of raw data

and re-ordering according to the “row-chopping”

readout scheme (see §4.3.5).

• Merging S-band health-and-status data and Ka-

band science data.

• Estimating initial pointing information based on

the survey plan and geometric offsets.

• Validating the on-board SUR algorithm (see

§4.3.5) by comparing the full readout sequence for

every pixel of a sub-section of the detector to the

best-fit slope downlinked to the ground.

• Converting raw pixel data from analog digital

units (ADU) to electrons per second.

• Applying corrections for amplifier chain drifts us-

ing reference pixels and interleaved phantom pix-

els.

• Converting to FITS and performing basic checks

on data integrity, including image statistics.

4.6.2. Level 2 Processing

Level 2 processing performs astrometric and photo-

metric calibration using a combination of ancillary cat-

alogs and internally generated calibration products from

the pipeline, and sets other calibrations and flags. The

outputs of Level 2 are calibrated spectral image files,

which after data quality checks, are rapidly released as

data products through the NASA/IPAC Infrared Sci-

ence Archive (IRSA). The Level 2 data files remove refer-

ence and phantom pixels. Key functional steps in Level

2 include:

• Correcting for detector non-linearity, which arises

from declining gain as charge accumulates within

each H2RG pixel (Zengilowski et al. 2020).

• Creating a per-pixel variance map from the mea-

sured flux.

• Applying a parameterized analytic model to esti-

mate the level of persistent flux in each pixel based

on the cumulative flux exposure of that pixel.

• Generating a per-pixel flag map including tran-

sients, non-functional pixels, outlier pixels, persis-

tence and optical ghosts.

• Applying the dark current, flat-field and absolute

gain calibrations to the image, and converting data

values to units of MJy/sr.

• Calculating an astrometric solution to determine

the translation and rotation of the field per image

using known isolated stars from the Gaia catalog

as references.

• Creating a source mask for sources in the reference

source catalog created by the SPHEREx Science

Team.

• Detecting and flagging transient events that were

not flagged by onboard procedures, using a sigma-

clipping algorithm applied to median-filtered im-

ages.

• Providing an estimate of the diffuse Zodiacal light

(Crill et al. 2025) based on the spatial location

of the image. The empirical model is based on

Kelsall et al. (1998), using spectral measurements

from Tsumura et al. (2010, 2013).

• Creating the spectral image as a multi-extension

FITS (MEF) file providing the image in MJy/sr,

per pixel data flags, estimated noise in (MJy/sr)2,

estimated Zodiacal background from the modified

Kelsall model (which is provided for reference but
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Figure 14. Schematic of the SPHEREx data processing pipelines, data products and tools.

not subtracted from the image), the point spread

function on an 11 x 11 pixel grid across the detec-

tor, and a binary lookup table with central wave-

lengths and bandwidths.

• Performing a series of automated tests on the out-

put from each module and on the final spectral

image FITS file. The image must pass the data

quality test, be outside the SAA, have a transient

count less than 435,000 pixels and have a fine as-

trometry flag value of 0 in order to be released

through IRSA.

In addition, the Level 2 pipeline derives the absolute

gain matrix by combining both the flat-field and the

dark current matrices with measured calibration fac-

tors. As described in §3.4.3, we derive the flat-field and

dark current matrices using hundreds of input images

obtained over varying Zodiacal light levels. We use ob-

servations of pre-selected primary calibrator stars to de-

rive the calibration factors by comparing the measured

and model flux as a function of wavelength (see Akeson

et al. (2025b) for the list). We apply the calibration per

pixel using the absolute gain matrix and the dark cur-

rent calibration products. The pipeline determines the

sub-pixel PSF in a grid over each band by stacking and

deconvolving the measured response for a large number

of isolated and high-SNR stars. The resulting product

gives an effective PSF in each region that includes both

the intrinsic optical response and the average blurring

due to pointing jitter. The original design separated the

optical PSF and the per-observation jitter, but the mea-

sured jitter is so low (see Figure 16) that we only use

the average PSF per region. IRSA provides the abso-

lute gain matrix, the dark current matrix and the de-

rived PSFs as calibration products. The PSFs are also

available as an extension within each Level 2 calibrated

file.

4.6.3. Level 3 Processing

The Level 3 pipeline applies an optimal photometry

algorithm on the calibrated spectral images produced

by Level 2 to measure the flux at the positions of pre-

selected sources contained in the reference catalog built

by the SPHEREx Science Team. The PSF photometry

method is based on the community Tractor (thetractor.

org) package that includes background subtraction and

error covariance from overlapping PSFs. The All-Sky

Spectral Catalog assembles these photometric outputs,

both as measured from individual spectral images and

binned to a grid of 102 wavelengths.

4.6.4. Level 4 Processing

The 3 core science themes carry out their analyses

starting with Level 2 and 3 products. The cosmology

theme starts from Level 3 optimal photometry on known

galaxy positions to produce the galaxy redshift catalog.

The galaxy formation theme takes Level 2 calibrated

spectral images and mosaics these into the deep-field

thetractor.org
thetractor.org
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maps. The ices theme starts from Level 3 optimal pho-

tometry on a target list of background and embedded

stars to produce ice absorption spectra. The legacy cat-

alogs also run mainly on Level 3 photometry, with ad-

ditional considerations for moving solar system objects

and source crowding in galaxy clusters.

4.6.5. Data Products and Tools

IRSA provides public access to the SPHEREx science

data products given in Table 4. There are two planned

reprocessing periods, after Year 1 and after Year 2. All

data will be reprocessed with the most recent pipeline

version and calibrations. Data products from Year 1 and

Year 2 will be available within 6 months after the end of

data collection. The all-sky data cubes are spatially and

spectrally interpolated to provide all-sky maps at 102

wavelengths. We will release a subset of the all-sky cata-

log as the High Reliability Source Catalog (HRSC), with

sources selected to be consistent between surveys that

have a minimum SNR in at least a subset of wavelength

bands. The photometry in the HRSC will be made avail-

able both at measured wavelengths and binned to a grid

of 102 wavelengths.

In addition to the general capabilities of data search,

retrieval and visualization, IRSA will host several

SPHEREx-specific tools to facilitate community usage

of the data (see the SPHEREx pages at IRSA for

more details e.g. https://irsa.ipac.caltech.edu/data/

SPHEREx/docs/overview qr.html). Table 5 briefly de-

scribes the tools, along with their planned availability.

5. ON-ORBIT PERFORMANCE

SPHEREx was co-launched with the 4 NASA PUNCH

(Polarimeter to Unify the Corona and Heliosphere)

satellites from Vandenberg Space Force Base on 11
March 2025 8:10 pm PDT (12 March 2025 03:10 UTC)

on a Falcon 9 rocket. The satellite went through a 50-

day in-orbit checkout (IOC) period prior to starting sci-

ence observations on 1 May 2025. The IOC was used to

first decontaminate the instrument, eject the telescope

cover, cool to operating temperature, and carry out a se-

ries of characterization measurements of the spacecraft

and instrument.

5.1. Decontamination Procedure

Following launch, the satellite went through a de-

contamination procedure, whereby the spacecraft main-

tained a fixed inertial pointing to drive off volatiles,

especially water, from the optics, filters and detectors.

The MWIR focal plane, designed to measure water ice

in the interstellar medium, is particularly susceptible to

any residual water ice in the instrument, where 20 nm

of accumulated ice would produce a ∼6 % absorption

depth in the 2.9 - 3.5 µm ice feature. The inertial con-

figuration causes the telescope to alternately view the

Earth and space, cycling the temperature of the tele-

scope and the MWIR focal plane, as shown in Figure

15.

The telescope cover was ejected on 18 March 2025,

pointing the spacecraft in the anti-ram direction to avoid

any possibility of a later collision. After lid ejection, the

spacecraft was pointed to local zenith, enabling radiative

cooling to cool the instrument. For the early phase of

the cooldown, we applied heater power to the telescope

optics and MWIR focal plane to keep their temperatures

slightly above that of the telescope housing, in order to

prevent ice from accumulating on these critical surfaces.

The heaters were turned off once the telescope reached

150 K. We note that the dichroic beam splitter is rela-

tively thermally isolated, and naturally lags behind the

telescope without the application of heater power.

To validate the decontamination procedure, we com-

piled observational data of the diffuse Zodiacal sky dur-

ing IOC. Assuming the instrument calibration measured

in the laboratory prior to flight, we found no evidence

for the characteristic ice absorption feature at 2.9 - 3.5

µm at the 1 % level.

5.2. Thermal Performance

Once the decontamination heaters were turned off, the

instrument radiatively cooled to operating temperature

as shown in Figure 15. The multi-stage thermal design

achieved the expected temperatures of 290 K, 150 K,

and 90 K on the 3 photon shields. Once the MWIR

focal plane reached 45 K, we engaged a control heater

to stabilize its temperature. The telescope cooled more

slowly, as expected. Once it reached 62 K, we engaged a

second control heater to stabilize the SWIR focal plane

temperature. After cooling stabilized, we observed that

the control heaters maintained these temperatures with

47 and 234 mW dissipation for the MWIR and SWIR

focal planes, respectively. Without heater control, our

thermal model predicts that the telescope and MWIR

focal plane would reach 56.5 - 58.4 K and 38.6 - 39.7 K

respectively.

Over the first 2 months of scientific operation, the

MWIR and SWIR focal plane temperatures have re-

mained stable to within ±100 µK, judging from ther-

mometers not used in the control loop. During this time

we found that the rate of change of the MWIR focal

plane temperature was less than 40 nK/s. Given the

susceptibility we measured to temperature in the labo-

ratory, 150 e−/K for both the SWIR and MWIR de-

https://irsa.ipac.caltech.edu/data/SPHEREx/docs/overview_qr.html
https://irsa.ipac.caltech.edu/data/SPHEREx/docs/overview_qr.html
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Product Schedule Notes

Quick Release Calibrated Spectral Images Within two months of acquisition Updated weekly at IRSA

Calibration Products As needed Calibrations used with quick release cali-
brated images

Reprocessed Calibrated Spectral Images Year 1 and Year 2 data releases Cumulative re-processing of spectral image
data

All-sky Data Cubes Year 1 and Year 2 data releases

High Reliability Source Catalog 8 months after end of survey 3

Deep Field Mosaics May 2028 Galaxy Formation science theme

Stellar Type/Ice Column Density Catalog May 2028 Interstellar Ices science theme

Redshift Catalog May 2028 Cosmic Inflation science theme

Legacy Catalogs: Stellar/Brown Dwarfs,
Galaxy Clusters, Solar System

May 2028 Science Team Legacy Catalogs

Table 4. Availability of SPHEREx Science Data Products. Note that Year 1 observations end in May 2026, and Year 2
observations end in May 2027. The Year 1 and Year 2 data releases are within six months following these dates.

Tool Availability Description

Spectrophotometry August 2025 Measure spectra at user-supplied positions, using the same PSF photometry
method as the Level 3 pipeline

Spectral Image Cutout October 2025 Select sections of spectral images based on user criteria (spatial area, band,
time)

Source Discovery October 2025 Identify significant signal in user-supplied spatial region (with user con-
straints), without priors on the position

Custom Mosaic February 2026 Create single-wavelength images from spectral images using user supplied
criteria, including synthetic bands

Spectral Cube Cutout November 2026 Extract subsets from the All-sky Spectral Cube, returning FITS cubes with
a HEALPix projection, and optionally interpolate for synthetic bands

Table 5. Availability of SPHEREx-specific analysis and visualization tools at IRSA
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tectors, thermal variations induce a negligible ∼6 µe−/s

detector dark current.
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Figure 15. Instrument cooldown after launch, shown in
selected instrument temperatures. For the first 6 days the
spacecraft remained inertially pointed, cycling the instru-
ment in temperature as the telescope alternately viewed the
warm earth and cold space each orbit. After this decontami-
nation period the telescope cover was ejected and the space-
craft acquired zenith to maximize radiative cooling. The
spacecraft operated heaters on the optics and the MWIR
focal plane to keep these temperatures above the telescope
housing. Once the telescope temperature reached 150 K,
the decontamination heaters were switched off. Finally we
engaged thermal regulation heaters to stabilize the SWIR
detectors at 62 K and the MWIR detectors at 45 K.

5.3. Slew and Pointing Performance

The spacecraft demonstrated excellent slew agility

and pointing stability on orbit. After measuring

the performance of slews, the survey allocates 19.7 +

1.088θslew(deg) seconds for large slews, where a typical

35 deg slew requires 38.1 s for the slew motion plus 19.7

s to settle. The observed pointing stability of 0.15′′ rms

(see Figure 16), with the same settle time, produces only

a small, sub-percent broadening of the optical PSF in a

116.9 s integration.

5.4. Point Spread Function

We measure the response to stars to characterize the

in-flight point spread function using two methods. The

simplest technique is to characterize the effective num-

ber of pixels Neff in a star image by calculating the

relative signal in each pixel using Neff = Σ(1/p2i ). An

Figure 16. Measured pointing stability following a large
slew. The rms variation is given during the observation as
a function of the settling time. With the chosen settling
time of 19.7 s, the pointing stability of 0.′′15 easily meets our
requirement of 1.′′27 that was set to hold pointing smear to
an acceptable level. We chose not to reduce the settling time
further however, due to the variability in the settling time
evident in the family of trial curves.

advantage of this method is that it is insensitive to as-

trometry errors. The measured map of the median Neff

shown in Figure 17 agrees well with pre-flight measure-

ments of the telescope image quality.

We also estimate the underlying PSF by stacking on

stellar positions to sub-pixel precision, and then decon-

volving the pixel kernel function to obtain an estimate of

the PSF in small regions of the focal plane. We can then

reobserve this estimated PSF in randomized sub-pixel

positions to obtain a map of the median Neff . We find

the estimated PSF gives a median Neff map that closely

resembles Figure 17 but with ∼22 % larger values, sug-

gesting that the sub-pixel stacking process introduces

a modest level of additional broadening. We expect to

see closer agreement as our image processing algorithms

and astrometry improve. In the future, the sub-pixel

stacking approach may be expanded to quantify further

effects, such as crosstalk and sub-pixel response func-

tions.

5.5. Gain and Dark Current

We produced preliminary in-flight estimates of the

flat-field gain and dark current using an ensemble of im-
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Figure 17. Distribution of the median Neff over the focal planes, in units of number of effective pixels, going from bands 1-3
(left to right on top) and bands 4-6 (left to right on bottom). Note the color scale for the top 3 images is different from the
bottom 3 images. This map was produced from a collection of 1.2 million stars giving 150 < i < 300 e−/s, and calculating the
quantity Σ(1/p2i ) for each star, where pi is the fraction of total flux in each pixel. The median of Neff is then shown in each
sub-region of the focal plane. The amplitude of Neff gradually increases with wavelength due to diffraction. The increase at
the corners of the field of view, especially notable in band 3, is due to a moderate level of optical aberration. The horizontal
banding in band 3 may be due to variations in the DBS index of refraction. Some averaging is evident in band 6 due to a lower
density of high-SNR stars in this band.

ages taken over varying Zodiacal brightness levels (see

§3.4.3). Both estimates closely resemble measurements

obtained during laboratory testing of the instrument

and focal planes. As we refine the algorithms and in-

clude more data, Akeson et al. (2025b) will contain the

most recent estimates.

5.6. Noise Stability

To validate noise stability on orbit, we measured the

noise in pairs of consecutive images pointed at the same

location on the sky. Differencing the two images re-

moves most of the sky signal, though we still must mask

around bright stars that do not perfectly subtract. The

resulting power spectrum of these image differences, af-

ter subtracting the reference pixel averages, meets the

statistical sensitivity requirement for the galaxy forma-

tion theme, as shown in Figure 18.

5.7. Sensitivity

We estimate SPHEREx’s point source and surface

brightness sensitivity, shown in Figure 19. We obtain

the responsivity from observations of calibration stars,

which are connected to all of the pixels in the focal plane

using the estimated flat-field. We use the per-pixel noise

measured under the median sky brightness to estimate

the all-sky sensitivity, and the noise from daily image

pairs taken in the deep fields at low Zodiacal sky bright-

ness to estimate the deep-field sensitivity. Finally, we

use the median Neff in Figure 17 at each wavelength to

calculate the point source sensitivity.

5.8. Stray Light Response

We are in the process of quantifying a range of

stray light phenomena from in-flight observations (Dow-

ell et al. 2026). Although there are a few exceptions,

the effects and levels are generally in accordance with
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Figure 18. Spatial power spectrum of the difference between image pairs taken during in-orbit checkout (black points). The
red curves give the noise properties measured pre-flight in a dark environment, which show a lower photon noise level but
similar behavior at low spatial frequencies. For this analysis, we subtracted the average signal of the reference pixels from
each readout channel. The required sensitivity for mapping EBL fluctuations, translated to noise in image pairs, is given at
multipoles 500 < ℓ < 2000 (blue lines) that are relevant to the angular scale of linear clustering. Note the galaxy formation noise
requirement goes out to 4 µm and does not include band 6. The lab measurements showed improved low-frequency performance
if we subtract the average signal in the optical pixels of each channel, although this method does remove some astrophysical
information.

a prelaunch design study of the stray light properties.

Within the optical field of view, we can readily charac-

terize the extended PSF to enable PSF subtraction and

source masking. We observe scattered light from bright

stars in narrow regions close to the frame edges, and

ghost images caused by reflections in the beam splitter

that are most noticeable near the 2.4 µm transition.

Outside of the field of view, there is a detectable ar-

tifact from stars about 8◦ from the field of view. The

response was initially found prior to the start of science

observations by taking images near the Moon, and was

subsequently mapped with bright stars. While this ef-

fect is generally small, we can flag and remove images

where bright stars are near regions of susceptibility as

a further mitigation. We observe features along the left

and right edges which appear to be associated with the

moon shining on the exterior of the instrument, although

we note the moon does not shine on the instrument dur-

ing observations of the deep fields at the ecliptic poles.

Prior to the start of the science survey, we made a se-

ries of observations where the telescope boresight ap-

proached the Earth’s limb to quantify the response to

earthshine, which was not detected at angles in our cur-

rent Earth avoidance criteria.

5.8.1. Voxel Completeness

Thus far into science operations, SPHEREx is exe-

cuting a survey plan with > 99.5 % voxel coverage per

survey (see Figure 7) without appreciable data losses,

using arrays with an average yield of 99.15 % (see Table

3). Transient flags in the detector data averaged 1.1 %

during the first 3 months of observations, which we ex-

pect to gradually drop as solar activity decreases in the

solar cycle. If we exclude an allocation of affected but

unflagged pixels surrounding transient events, we may

lose up to ∼4.5 % of voxels if these cannot be corrected

in analysis. The instrument routinely observes satellite

streaks across the images, however the amount of data

loss is relatively small at ∼0.1 %. While sources of atmo-

spheric emission (see §5.9.1 - §5.9.3) contaminate some

images, these do not appreciably affect data return.

5.9. Terrestrial Signatures
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Figure 19. Point source (left) and surface brightness (right) sensitivity given per spectral channel for the all-sky (solid lines)
and deep (dashed lines) surveys. Note that there are 17 spectral channels that provide 17 independent measurements in each
band (see Figure 12). The all-sky sensitivity is based on 4 observations in each spectral channel at the median sky brightness
after removing the Galactic plane where |b| < 25◦. The deep survey assumes 200 observations with the deep field sky brightness
at the ecliptic poles and neglects confusion noise. The point source sensitivity assumes the median Neff in each observation
for each spectral channel. The point source sensitivity is given at 5σ, while the surface brightness is given at 1σ in each 6.′′2
SPHEREx pixel. Note the degraded sensitivity at 1.08 µm due to photon noise from terrestrial He line emission, and the effect
of the beam splitter at 2.4 µm. The drop in sensitivity in bands 5 and 6 is due to the higher spectral resolving power in these
bands (see Table 2).

SPHEREx observes a number of phenomena associ-

ated with its environment in low-earth orbit. We are

working to identify these phenomena systematically, so

they can be mitigated or avoided, depending on the ap-
plication. We have developed spatial templates of the

atmospheric features (see Figure 21) to aid in regress-

ing residual emission from the spectral images. We have

elected to make images affected by terrestrial phenom-

ena publicly available, and to keep a running log of af-

fected images that are identified by data users.

5.9.1. Atmospheric Emission

We observe bright He line emission (Kulkarni 2025;

Brammer et al. 2014) at 1.083 µm in both bands 1 and

2. The amplitude varies over the orbit and with time,

ranging from a few to 50 times brighter than the Zodia-

cal light level. Photon noise from the line unfortunately

reduces sensitivity in this band (see Figure 19). We

detect low levels of spectral leakage through the LVFs

from the He line, most evident at 0.84, 1.25 and 1.49

µm. Other atmospheric lines are much fainter than He

but detectable, most notably the atomic oxygen lines at

0.78, 0.84 and 1.13 µm.

5.9.2. Shuttle Glow

Shuttle glow arises from the spacecraft interacting

with the upper atmosphere. Atomic oxygen striking the

leading surfaces in the direction of travel produces a

glow in the optical and infrared (Viereck et al. 1991)

due to excited NO2 (Murad 1998). Emission from other

molecules have been proposed in the literature, includ-

ing NO,NO+, OH,CO,CO2 and O2, which depend on

the composition of the materials on the spacecraft that

chemically react with atomic oxygen. Holtzclaw et al.

(1994) measured the emission spectrum with ∼ 0.5 µm

resolution of the Z306 black paint used on the SPHEREx

telescope, exposed to a fluence of atomic oxygen. The

authors observe emission peaks at ∼2.8 µm and ∼4.4

µm, similar to the spectrum in Figure 21, which they at-

tribute to vibrational emission from OH,CO and CO2.

As noted in §4.2.1, we observed that shuttle glow in-

creased strongly when the observatory was tipped for-
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Figure 20. Median sky brightness levels assumed for the
all-sky (solid line) and deep-field (dashed line) sensitivities
in Figure 19. While Zodiacal light is the dominant compo-
nent, there are visible contributions from 1.083 µm He line
emission and the interstellar medium. The slight upturn at
2.4 µm comes from an imperfect correction for the DBS.
As SPHEREx performance is dominated by photon noise,
the sensitivity generally scales as the square root of the sky
brightness when considering other regions.

ward along the direction of orbital motion. By restrict-

ing the range of zenith angles in the ram direction, we

have reduced shuttle glow so that it is generally fainter

than the Zodiacal sky, though a residual brightness re-

mains.

5.9.3. Aurorae

We occasionally observe auroral line emission from the

upper atmosphere associated with solar activity, espe-

cially when SPHEREx is near the polar regions. The

aurorae have prominent features in bands 1 and 2, with

fainter lines visible in bands 3-5. Although infrequent,

bright auroras in their short-wavelength features can be

brighter than the Zodiacal sky.

5.9.4. Satellites

SPHEREx frequently observes image streaks pro-

duced by Earth-orbiting satellites. Typically, the streaks

are a few pixels wide, amounting to a small data loss. We

occasionally see a dashed pattern from rotating satel-

lites. Bright streaks are flagged on board as transients,

and fainter streaks are flagged by the data pipeline. We

are working to improve the streak identification algo-

rithm to detect streaks near the noise level, and to bet-

Figure 21. Measured components of the atmosphere includ-
ing Helium line emission (dashed line), shuttle glow (short-
and long-dashed line) and aurorae (dotted line). For compar-
ison, we show the observed spectrum of Zodiacal light. The
amplitude of the terrestrial components vary and the lev-
els here are shown when the component is prominent. The
colors of the lines indicate the 6 SPHEREx spectral bands.
The small discontinuities in the Zodiacal light between bands
are due to uncertainties in the preliminary calibration. The
large step in shuttle glow between bands 5 and 6 appears
to be due to its spatial distribution of the emission over the
focal plane, being brighter on the long wavelength side.

ter optimize the area flagged along streaks. We also find

that roughly 1% of images have bright and diffuse emis-

sion that occurs over a fraction of the exposure time,

which we believe are caused by objects in low-earth or-

bit.

5.9.5. Energetic Particles

The H2RG detectors observe a range of phenomena

associated with energetic particle interactions. The ma-

jority of events are single pixels flagged by the on-board

SUR algorithm by a jump in the integrated charge (see

§4.3.5). Less frequently, we observe clustered events and

‘snowballs’ that affect groups of pixels. We are working

to improve the identification of unflagged pixels near

transient events that are also affected by a noticeable

increased charge. The rate of particle transients varies

strongly with solar activity, and often increases when

SPHEREx is near the poles or the SAA. The mission-

averaged rate of flagged transients to date is 1.1 % of

pixels, excluding images taken in the SAA that are not

counted in the survey coverage. The SUR algorithm re-

turns an estimated signal from these pixels, although it
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may be noisy due to the shortened integration. An ad-

ditional ∼0.1 % of pixels are affected in the first 10 s of

the integration, but go unflagged by the SUR routine.

6. CONCLUSIONS

By mapping the full sky in low-resolution near-

infrared spectroscopy, SPHEREx is opening a new capa-

bility in astronomy. We described mission performance

towards meeting requirements on systematic errors such

as gain stability, noise bias, photometric errors, stray

light, and dark current, realizing that a full assessment

is beyond the scope of this paper and must be quanti-

fied in later scientific publications. Mission operations

have proceeded smoothly to date since the start of sci-

ence observations on 1 May 2025. The instrument and

spacecraft are performing well, exceeding preflight re-

quirements for operating temperature, PSF size, point-

ing stability, point source sensitivity, and surface bright-

ness sensitivity.
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8. APPENDIX

We calculate the minimum pixel size that maintains point source sensitivity with the constraints that the number

of pixels and the observing time are fixed. The sensitivity to a point source is given by

∆Fν =

√
Neff

Ns

Rh

Aη

√
6νIνAΩpix

5Rhνti
+

6QCDSts
t3i

, (1)

where Neff is the effective number of pixels used to measure a point source, Ns is the number of independent

observations, R = λ/∆λ is the resolving power, h is Planck’s constant, A is the mirror area, η is the end-to-end

optical efficiency, νIν is the surface brightness of the sky set by Zodiacal light, Ωpix is the solid angle of a pixel, ti
is the integration time, QCDS is the read noise in a correlated double sample, and ts is the sampling interval in an

SUR integration. The first term in this equation comes from photon noise, and the second from read noise. We note

that the read noise term is generally an underestimate, as it only assumes white noise behavior, but additional terms

contribute and become important as the integration time becomes longer. To be limited by photon noise, the first

term must dominate over the second, ideally with additional margin.

The number of effective pixels in optimal photometry is given by

Neff =
1

Σp2j
, (2)

where pj is the fraction of flux that falls into pixel j. In the limit where pixels are larger than the size of the point

spread function (PSF), Neff is typically 2-3 on average, depending on the sub-pixel location of the source for each

object. To maximize sensitivity, one should make the aperture A as large as possible and the spectral resolving power

R as low as possible. However, the minimum resolving power was already chosen in §3.1 for sufficient redshift accuracy.

Therefore, the remaining free parameters are aperture and pixel size.

SPHEREx was designed to map the entire sky with a fixed number of detector pixels, which is a non-standard

optimization problem in astronomy. In this regime, the integration time ti and the photocurrent I both scale with the

pixel size θpix as

I =
νIνηAΩpix

Rhν
= I0

(
A

A0

)(
θpix
6.2′′

)2

, (3)

and

ti = t0

(
θpix
6.2′′

)2

, (4)

where I0 and t0 are the photocurrent and integration time obtained with the choice of 6.′′2 pixels, and A0 is the mirror

area chosen in our design. Substituting these into the first equation, and ignoring small changes in Neff with pixel

size, we find

∆Fν = ∆Fν0

(
A0

A

)√√√√√∆I2γ0

(
A
A0

)
+∆I2RN0

(
6.2′′

θpix

)6

∆I2γ0
+∆I2RN0

, (5)

where ∆Iγ0 and ∆IRN0 are the uncertainties in the detector current from photon noise and read noise, respectively,

for our default choices of mirror area and 6.′′2 pixels. In order to be limited by photon noise, the first term in the

numerator must dominate, and for our choice of parameters in bands 1-4, and the performance of the detectors,

∆Iγ0/∆IRN0 ∼ 3. This result means SPHEREx is comfortably limited by photon noise. However, given the strong

(6.2′′/θpix)
6
dependence of the second term, photon noise will no longer dominate with even modest reductions in

pixel size. One can also see in the photon noise limit

∆Fν = ∆Fν0

√
A0

A
, (6)

where increasing the aperture improves sensitivity, but only modestly.
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