NASA SPHEREx SCIENCE DATA EXPLORER MISSION LEVEL: 2 /3

SYSTEM ARCHITECTURE, ASTROMETRIC ACCURACY & SCIENCE PIPELINE WCS SIP / TAN RECTIFIED

IAU 1958 COMPLIANT
SPECIFICATION

Document Version: 2.5-Final Science Release Security Classification: Public / Academic Pipeline Status: Operational / 100% Tests Pass

Software Environment: Python 3.12 / Node.js
Target Coordinates: ICRS J2000 & IAU Galactic Projection Standard: FITS WCS TAN-SIP & TAN LTS

1. Executive Summary & Science Mission Context

The SPHEREX (Spectro-Photometer for the History of the Universe, Epoch of Reionization, and Ices Explorer) is a NASA
Astrophysics Medium-Class Explorer (MIDEX) mission designed to perform the first near-infrared all-sky spectrophotometric survey.
Across its 25-month nominal mission, SPHEREXx maps the entire sky in 102 spectroscopic channels spanning 0.75 pm to 5.0 um
with an optical resolution of ~6.2" per pixel.

This system represents an interactive, high-precision astronomical exploration and visualization platform for SPHEREXx data
products. It provides real-time multi-spectral overlay capabilities on top of deep all-sky surveys (PanSTARRS, 2MASS, AlIWISE,
DSS2), computes sub-arcsecond astrometric coordinates taking into account optical polynomial distortion (SIP), and executes
instantaneous astronomical feature identification via CDS SIMBAD TAP queries.

Key Engineering & Science Objectives:

* Sub-Arcsecond Astrometric Precision: Eliminate 5"-85" coordinate errors caused by uncorrected optical SIP distortion.

* Multi-Layer Sky Overlay Engine: Enable simultaneous staging and alignment of multiple band frames (D1 to D6) on Aladin Lite v3.
* Hand-Coded Professional HUD: Deliver mission-grade telemetry during multi-overlay compilation with live stage tracking.

* Automated SIMBAD Feature Detector: Identify nearby celestial sources (galaxies, nebulae, stars) with 1-click telescope centering.
» Defense-in-Depth Security: Enforce SSRF firewalls, sliding-window rate limiting, and SHA-256 hash-chained tamper-evident audit
logs.

2. Astrometric Coordinates & Distortion Rectification

Accurate astronomical overlays demand mathematical rigor across spherical coordinate systems and focal plane projection models.
SPHEREX Level-2 images employ the RA---TAN-SIP projection convention, combining tangent plane projection with 2nd-order
polynomial focal plane distortions.

2.1 ICRS J2000 to IAU 1958 Galactic Coordinate Conversion

Galactic coordinates (I, b) are derived from equatorial ICRS coordinates (a, d) via 3D Euler coordinate rotation using the IAU 1958
standard definition:

Gal actic North Pole (J2000): a, = 192.85948°, 6P = 27.12825°, eo = 122.93192°

Gal actic Latitude: b = arcsin[ sin(d) - si n(6P) + cos(9) - cos(6p) - cos(a - orP) ]

Gal actic Longitude: | = 90 - arctan2[ cos(d) - sin(a - orP), sin(o) - cos(ép) - cos(d) - si n(BP) - cos(a - orP) ]
Geat-Circle Separation: d = 2 - arcsin[ V( sin2(Ad2) + cos(om) - cos(om) - sinz(Aa/2) ) ]

2.2 Optical SIP Distortion & Tangent Plane Rectification

In raw FITS headers, the CRVAL1 and CRVAL2 keywords define the celestial coordinates of the reference pixel (CRPIX1, CRPIX2).
However, because SPHEREX detectors have non-symmetric optical distortion represented by Simple Imaging Polynomial (SIP)
matrices A and B, the optical center of the detector is significantly offset from raw CRVAL values (typically by 5" to 85").
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Furthermore, Aladin Lite v3 WebAssembly FITS parser expects a standard RA---TAN projection and does not natively parse
high-order SIP polynomials. To resolve this, our pipeline performs high-precision rectification:

* Exact Centroid Evaluation: Computes exact true center via astropy.wcs.WCS.all_pix2world((w+1)/2, (h+1)/2, 1) using 1-based
FITS standard pixel indexing.

* CD Matrix Synthesis: Derives explicit CD1_1, CD1_2, CD2_1, CD2_2 matrix cards representing exact local pixel scale and
position angle, eliminating CDELT/PC card ambiguities.

* Footprint Catalog Rectification: Precomputes and updates all 434 footprint polygons in footprints.json with exact SIP-rectified
corner coordinates.

3. FITS Data Processing & Photometric Cleaning Pipeline

SPHEREX Level-2 data products contain multiple FITS extensions representing physical flux measurements, quality flags, and
background models. Our ingestion pipeline processes these HDUs systematically:

HDU Name Data Description Pipeline Treatment

PRI MARY Header Observation telemetry, pointing, date, exposure time Parsed for W3C PROV provenance extraction

| MAGE Float32 Raw calibrated spectral flux density (MJy/sr) Zodiacal background subtracted; flag masked

FLAGS Int32 Quiality bitmask (saturation, cosmic rays, bad pixels) Pixels where FLAGS != 0 masked with NaN
Subtracted from IMAGE to reveal astrophysical

ZCODI Float32 Zodiacal light foreground emission model signal

VARI ANCE Float32 Per-pixel photometric variance (MJy/sr)? Propagated for signal-to-noise ratio analysis

Photometric Cleaning Formula: For every pixel (X, y), the scientifically cleaned flux lcjean is computed as:

Iclean(x, y) =[ IMAGE(X, y) - ZODI(x,y)] if FLAGS(x,y) ==0, else NaN.
Flux display scaling applies dynamic 5th to 95th percentile clipping, avoiding cosmic ray saturation spikes and displaying nebulosity
with optimal contrast.

4. Hand-Coded Professional Multi-Overlay Ingestion HUD

To provide a premier user experience during batch multi-overlay ingestion (both from the SPHEREXx Server Library and local multi-file
drag & drop), the web client implements a dedicated, handcrafted astrometric telemetry Heads-Up Display (HUD).

HUD Component Visual Design & Implementation Scientific Purpose

Handcrafted SVG with outer dashed calibration ring, concentric Provides immediate visual indication that
target circles, cardinal axis crosshairs, and rotating radial scan high-precision astrometric WCS solving and pixel
Astrometric Scanning Reticle sector. rectification are active.
Horizontal stage indicator: [01 HDU Extract] — [02 TAN WCS] - Transparently communicates the mathematical
[03 Photometry] — [04 Aladin Layer] with glow states and progression from gzip decompression to
4-Stage Pipeline Tracker checkmarks. WebAssembly layer projection.

Scrollable card queue displaying band badges (e.g. [D1], [D2]), file Allows tracking of batch multi-overlay jobs across
Multi-Layer Ingestion Queue names, and dynamic status pills (QUEUED, STAGING, ALIGNED). all 6 detector bands simultaneously.

High-contrast monospace readout showing live WCS coordinates in Enables immediate verification of RA/Dec center
Coordinate Telemetry Readout both decimal degrees and sexagesimal notation. coordinates before layer rendering.
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5. Real-Time Astronomical Feature Identification & SIMBAD TAP

A key capability of the updated FITS overlay panel is real-time celestial feature detection. When an overlay is selected or toggled,
users can trigger the 'Scan Nearby Features' routine. The system executes a synchronous TAP (Table Access Protocol) query to
the CDS SIMBAD database at Strasbourg:

ADQL Astronom cal Query:

SELECT TOP 10 nmain_id, otype, ra, dec, mag_v

FROM basic JON flux_v ON basic.oid = flux_v. oidref

WHERE 1=CONTAI NS(PO NT('ICRS', ra, dec), CIRCLE('ICRS', {center_ra}, {center_dec}, {radius_deg}))
ORDER BY basi c. nbref DESC

Features returned are dynamically parsed into human-friendly classifications (e.g., Seyfert Galaxy, Planetary Nebula, High
Proper-Motion Star). Clicking any detected feature centers Aladin Lite directly onto that object and adjusts the viewport.

6. Security Architecture, SSRF Defense & Tamper-Evident Audit Logging

The system enforces defense-in-depth principles across both the Python Flask web application and the Node.js agent execution
supervisor:

* SSRF IP Firewall (security.py): Inspects all outbound web requests. Resolves target hostnames via DNS and rejects loopback
(127.0.0.0/8, ::1), private RFC 1918 subnets (10.0.0.0/8, 172.16.0.0/12, 192.168.0.0/16), link-local/cloud metadata endpoints
(169.254.169.254), and carrier-grade NAT blocks.

« Sliding-Window Rate Limiting (security.py): Throttles API clients to 60 requests/minute using sliding memory ring buffers.
Excessive bursts receive HTTP 429 with explicit Retry-After headers.

* Node.js Fail-Closed Pre-Tool Hook (shadow-scope-enforcer.js): Evaluates every automated tool invocation before execution.
If unhandled exceptions, malformed arguments, out-of-scope targets, or deadline expirations occur, the request fails closed with
an immediate DENY.

e Tamper-Evident SHA-256 Audit Log (audit-logger.js): Writes append-only JSONL audit events chained with SHA-256 hashes:
hash = SHA256({seq, timestamp, event, prev_hash, payload}). Modifying any prior record invalidates the entire chain.

7. Comprehensive System Module Reference

The complete platform architecture comprises 21 specialized modules divided across Python backend services and Node.js
infrastructure:

s. py Python Master Flask application server, REST API routing, FITS overlay prep, static delivery.
coords. py Python Astrometric spherical trigonometry, ICRS <-> Galactic IAU 1958 Euler rotations.
observati on_manager . py Python Spatial cone search, bounding box indexing, opaque ID generation for observations.
provenance. py Python W3C PROV compliant JSON graph generator for Level-2/3 processing lineage.

sessi on_nanager . py Python Cryptographic ephemeral session tokens (32 bytes), TTL enforcement and reaping.
target_resol ver. py Python Multi-catalog target resolver (CDS Sesame, SIMBAD, NED, local benchmark catalog).
anal ysi s. py Python SIMBAD TAP synchronous cone search and astronomical object morphological classifier.
security. py Python Defense-in-depth SSRF IP firewall, private subnet blocking, sliding-window rate limiter.
cache_| ayer. py Python Two-tier LRU memory and persistent disk cache with TTL and session isolation.

st or age. py Python FITS archive manager, directory traversal protection, footprints.json compiler.

bui | d_nosai c. py Python Multi-exposure co-addition engine using astropy/reproject on TAN celestial grid.
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stitch_bands. py
allign_diff.py
test_coords. py
test_suite. py
€. py

V. py

Python
Python
Python
Python
Python

Python

. agent s/ shadow scope- enf or cer.

js
.agents/|ib/scope-guard.js
.agents/lib/audit-1ogger.js

aladin_v3.js

Node.js
Node.js
Node.js
Node/JS

Multi-threaded band stacker across SPHEREX detectors D1 through D6.

Monolithic precursor script with integrated SIA proxy and MOC sky coverage integration.
Astrometric benchmark test harness verifying vector round-trips and Galactic checks.
6-Stage integration contract test suite verifying backend milestones 1 through 6.

Parallel NASA/IPAC IRSA SIA batch downloader querying SPHEREXx QR?2 releases.

Quick-look FITS visualizer applying flag masking, zodi subtraction, and PNG plot.

Pre-tool security supervisor enforcing fail-closed permission models.
Pure functional CIDR and IPv4/IPv6 address boundary validation library.
Cryptographic hash-chained append-only audit ledger maintaining SHA-256 trees.

Aladin Lite v3 WebAssembly astronomical sky atlas and HiPS tile rendering engine.

8. Empirical Benchmarks & Verification Contracts

All mathematical algorithms, security firewalls, and data contracts have been verified empirically against known astronomical
standards. Both test_coords.py and test_suite.py demonstrate 100% test pass rates:

Target / Contract Test Type / Scope Separation / Result

M31 (Andromeda)

M31 (Andromeda)
Orion Nebula (M42)
Galactic Center (Sgr A*)
Polaris (a UMi)
Contract Step 1
Contract Step 2
Contract Step 3
Contract Step 4
Contract Step 5

Contract Step 6

Vector Round-Trip 0.00000000° < 1.0e-06° PASS
Galactic Known Check 0.000039° < 0.0020° PASS
Galactic Round-Trip 0.00000000° < 1.0e-05° PASS
Galactic Known Check 0.000043° < 0.0020° PASS
Vector Round-Trip 0.00000000° < 1.0e-06° PASS
Spherical Transforms 0.00e+00 deg separation Strict PASS
Session, Resolve, Search 47 observations located Strict PASS
SSRF & Rate Limiting HTTP 403 & 429 enforced Strict PASS
W3C PROV Provenance RA---TAN-SIP graph created Strict PASS
Cache Layer Isolation TTL & session isolated Strict PASS
SIMBAD Feature TAP Deterministic classifications Strict PASS

Conclusion: The SPHEREXx Science Data Explorer platform delivers verified, sub-arcsecond astrometric fidelity, robust multi-overlay
visualization, interactive SIMBAD celestial feature discovery, and an enterprise defense-in-depth security architecture ready for
production mission science exploration.
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