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Abstract

The next decade of large-scale astronomical surveys will facilitate the detection
and characterization of millions of supernovae across multiple frequency domains.
However, this photometry cannot easily be combined across astronomical surveys
with different filter profiles, observing patterns, and systematics. Here, we present
a survey-agnostic variational autoencoder that can encode supernova light curves
into a shared latent space irrespective of the observing instrument. We show that
encouraging a filter-invariant latent space through pre-training and contrastive
learning (1) yields reconstructions that evolve smoothly over filter wavelength and
(2) improves classification of encodings from sparser surveys.

Introduction

Supernovae (SNe), or the explosive deaths of stars, are discovered by the thousands annually thanks
to various ground-based astronomical surveys like the Zwicky Transient Facility (ZTF; [1]) and the
Young Supernova Experiment (YSE; [2]]). Although SNe have been historically classified based
on their spectroscopic properties (see e.g., [3] for a review), the abundance of photometric survey
data has driven the development of new data-driven methodologies for photometric classification
(i.e., using a time series of flux measurements). There are many examples of photometric supernova
classification pipelines that perform well [4, (516} (7, |8, and others]; however, they are all trained to be
used with data from a single survey. In anticipation of the Vera C. Rubin Legacy Survey of Space and
Time (LSST; [9],[1Q]), scalable and generalizable architectures are critical for properly analyzing
large amounts of data while minimizing computational cost [11].

Here, we build on recent efforts to use variational autoencoders (VAEs) to learn a smooth latent
representation of SN observations [[12, [13 [14]. We present the first survey-agnostic VAE for SN
science that can leverage multiple, disparate datasets to learn a more informed latent representation.
As one downstream application, we show that a SN classifier trained on survey-agnostic encodings
outperforms one trained on encodings from a baseline single-survey VAE. Our code is publicly
available via Githutl']

"https://github.com/kdesoto-astro/survey-agnostic-sn-vae

38th Conference on Neural Information Processing Systems (NeurIPS 2024).
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Figure 1: Overview of model architecture. Photometry is divided into single-filter light curves and
passed through a time- and filter-distributed multilayer perceptron (MLP). The per-filter outputs
are averaged and passed into a gated recurrent unit (GRU) and subsequently encoded in a four-
dimensional latent space. A point in latent space can then be decoded back through an MLP into a
reconstructed light curve.

Methods

Data: We pre-train our network using multiband photometry generated by the “default” model
of MOSFiT, a standard one-zone SN model powered by radioactive decay [15]. We simulate light
curves across multiple bands from Rubin, ZTF, Pan-STARRS [16], SWIFT [17]], and 2MASS [18]].
We set survey observing details according to Appendix [A] We further augment the simulated events
by resampling magnitudes from uncertainties, subsampling observed phases, and/or truncating the
light curve within randomly selected phase ranges.

We fine-tune the pre-trained VAE using photometry from ZTF, downloaded from the Transient Name
Server (TNS;[19]) and ALeRCE data broker [20], and Pan-STARRS, downloaded from the YSE
Data Release 1 (DR1; [21]]). These are well-suited for our study here: while ZTF typically has longer
baselines and higher-cadence data compared to YSE, YSE has higher wavelength coverage (here we
include ZTF’s g- and r-bands, and Pan-STARRS’s g-, r-, i-, and z-bands for YSE). Additionally, the
YSE dataset has sufficiently few events and observations per event to benefit from blending with the
larger ZTF dataset. For both the simulated and observed ZTF datasets, we exclude bands with fewer
than five SNR > 4 detections (we keep sparser Pan-STARRS light curves). We then remove events
with fewer than two remaining bands. This leaves 4,622 events in the augmented pre-training dataset
and 8,666 events in the combined ZTF and Pan-STARRS dataset. 1,576 samples have both ZTF and
Pan-STARRS observations, 6,700 have only ZTF observations, and 390 have only Pan-STARRS
observations.

For each sample, single-filter light curves are duplicated until there are six total bands to maintain
uniform input dimensionality, and a Gaussian process is used to interpolate missing filters for each
observed phase. All interpolated light curves are either truncated or padded to 32 time steps. The
model input for each event is then a series of phases with associated multiband absolute magnitudes,
magnitude uncertainties, filter central wavelengths, and filter widths.

Model Architecture: A schematic of our pipeline is shown in Figure[I] To ensure the encodings are
invariant to the input filter order (which is typically fixed in the literature), the inputs are separated by
filter and passed into a time- and filter-distributed encoder: here, a multi-layer perceptron (MLP) with
two dense layers. Because permutation invariance corresponds to an arithmetic mean across filters
[22], we average the outputs of the single-filter network across filters before feeding into a gated
recurrent unit (GRU). We pass the final state of the GRU into two dense layers that output a four-
dimensional latent mean and latent log variance. We sample from these defined latent distributions
using the reparametrization trick [23], and concatenate these samples with the original phases, central



filter wavelengths, and filter widths. These inputs pass through a decoder of time distributed dense
layers, yielding reconstructed absolute magnitudes. All hidden layers have sixteen nodes and are
divided by leaky ReL.U activations. We note that this architecture is more appropriate than, e.g.,
one-hot encoding survey as an appended integer (as then the system must be retrained for each
new survey, [24]]). Transfer VAEs (in which an observation is “conditioned” on a survey by again
appending a relevant latent variable), similarly, requires retraining for novel surveys.

Loss function: Our loss function is a sum of reconstruction loss, Kullback-Leibler (KL) divergence,
and contrastive loss. The KL divergence enforces continuity and regularity in the latent space by
pushing latent distributions closer to unit Gaussians [25]]. The reconstruction loss measures similarity
between the original and reconstructed light curves:
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where M,cq,(;,5) 18 the absolute magnitude at the ith time step of the jth single-filter light curve.
Nic is the number of such light curves in the dataset, Ny ; is the number of time steps for light curve

J;and Niop = Z;VLC Ny ; is the total number of time steps across all light curves. We do not include
interpolated or padded magnitudes in this calculation.

Finally, the contrastive loss ensures that observations from the same event observed in multiple
surveys will be co-located in the learned latent space:
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where N is the number of events and 7 is a temperature parameter we set to 1. The mapping ¢(z)
returns all sample indices not equal to 4 that correspond to the same underlying event, and d(z;, z;) is
the standard Mahalanobis distance between the latent encodings z; and z; [26].

Lcontrast N2 Z 1 (2)

Training loop: We split both the pre-training and observed datasets into a train and validation set
(9:1). Each epoch, we randomly divide each sample into two sets of photometry by subsampling
three filters for each. This creates training pairs for contrastive learning. We train the aforementioned
architecture with batch size of 128 and learning rate of 0.001. We first pre-train with the simulated
dataset and 250 epochs of only the contrastive and KL loss (no reconstruction) to ensure that the
encodings are grouped by unique events. Then, reconstruction loss is added and training continues
for 1,150 epochs (until validation losses plateau). We note that, due to limited samples, we do not
include a separate test set; such a set would validate “true” performance on unseen data and will be
explored when this model is pushed into production.

After pre-training, we continue training five variants of the model using the ZTF and Pan-STARRS
datasets to explore the importance of various components of our pipeline. The first two variants
use the full dataset and are trained with the contrastive loss. The first variant “freezes” all layers
excluding the bottleneck mean/log variance layers and first decoder layer. Previous works [27]] have
explored the benefits of partially frozen pre-trained networks in transfer learning to smaller or sparser
datasets. The third variant does not utilize the contrastive loss. Finally, the last two are trained without
pre-training and only on either the ZTF or Pan-STARRS light curves. These serve as our baseline
models and most closely align with previous works. We note that we do not train a model on the
combined ZTF/Pan-STARRS dataset without pre-training; while this work focuses on the impact of
contrastive learning on VAE performance, future work will better isolate the effect of pre-training.
For each variant, we train for an additional 200 epochs (following pre-training) at the same learning
rate of 0.001. Training plateaus by this epoch in all variants.

Results & Discussion

We see from Table || that all validation set loss terms are minimized by the unfrozen model that
is trained on both Pan-STARRS and ZTF light curves and uses contrastive learning (the “optimal”
model). Without contrastive learning, there is greater overfitting and divergence between the train



Table 1: Final Validation Metrics for Model Variants

Dataset Contrastive  Frozen logg Liotar 10819 Lrecon logio Lxr log o Leontrast
Full yes yes 1.34+£0.01 1204+0.01 0.42+0.01 0.56 £ 0.02
Full yes no 1.01 £ 0.03 0.73+0.04 0.27 + 0.01 0.48 + 0.03
Full no no 1.22+£0.07 1.204+0.08 -0.02+£0.02 N/A
ZTF no no 1.21 £0.07 1.18 +=0.08 0.02 £ 0.02 N/A
Pan-STARRS no no 1.054+0.01 099+0.02 0.18 £0.01 N/A
2021hpr: SN la 2021fnt: SN la 2021pj: SN I
-19 -18.0 50, _16.8 8500
v . -175 _166 8000
2 -17.0 -16.4 7500
§—17 _165 -16.2 7000
% 16 -16.0 -16.0 6500
3 -15.8 6000
a -15.5
< s -15.6 5500
-15.0
+ -15.4 5000
-20 0 20 2 17 0 20 40 -20 0 20 40
Phase (days) Phase (days) Phase (days)

Figure 2: Reconstructions of example YSE light curves for two Type Ia supernovae (left and center),
and a Type II (right) supernova using the optimal model with colors corresponding to linearly spaced
wavelengths in Angstroms. The observed datapoints are overlaid to highlight the features captured by
and missing from the reconstructions.

and validation losses. When trained only on Pan-STARRS data, we see lower losses simply because
the YSE Pan-STARRS light curves are sparser than those from ZTF.

Using the optimal model, we encode example photometry from our observed dataset, and reconstruct
light curves for an evenly sampled range of wavelengths and a constant filter width of 1300 A.
Figure [2] shows that the decodings correctly recreate the flatter plateaus of SNe II and secondary
bumps among longer wavelengths for SNe Ia, but fail to capture the magnitude disparity between
high and low wavelengths. A higher-dimensional latent space could potentially remedy this, but for
our downstream classification task, reconstruction contrast between SN classes is more important
than reconstruction fidelity within classes.

Classification: Finally, we show that shared learning across surveys leads to higher classification
accuracy. We use events labeled spectroscopically as SNe Ia, SNe II, SNe IIn, SLSNe-I, and SNe Ib/c
to train a random forest (RF) for three-way (Ia, II, Ib/c), four-way (plus IIn), and five-way (plus SLSN-
I) classification. Filtering events with missing or miscellaneous labels leaves 7,053 samples (6,693
from ZTF and 360 from Pan-STARRS). The RF takes in eight input features: the four-dimensional
latent means and log variances. For this task, we compare performance using encodings from the
optimal model, the full dataset model without contrastive learning, and the baseline Pan-STARRS
model. For each model, we compare RF performance on Pan-STARRS encodings when we include
or exclude ZTF encodings during training.

Table 2: Pan-STARRS F;-score (Accuracy) Including/Excluding ZTF Encodings

Model no ZTF with ZTF
3-way 4-way 5-way 3-way 4-way 5-way

Optimal 0.60 (0.77) 0.53(0.75) 0.42(0.74) 0.59(0.77) 0.47(0.73) 0.54(0.74)
No Contrastive  0.57 (0.78) 0.48 (0.74) 0.39(0.74) 0.60 (0.78) 0.51 (0.75) 0.46 (0.76)
Baseline 0.55(0.73) 0.44 (0.67) 0.33 (0.68) N/A N/A N/A




The resulting classification accuracies and macro-averaged F; scores are shown in Table[2] We see
significant improvement from baseline for both pre-trained models, suggesting that a latent space
pre-trained with a variety of surveys and filters better captures intrinsic differences between SN
classes. When not incorporating ZTF encodings, the optimal model has the best performance; the
Pan-STARRS encodings are more closely aligned with the ZTF encodings and therefore are better
organized in the latent space. When ZTF encodings are included during RF training, the two full
dataset models yield similar performance.

We also consider RF performance across ZTF encodings. The resulting Table [5]is in Appendix [B}
there is negligible change when Pan-STARRS encodings are included in the RF training, and only a
slight performance increase from the baseline ZTF model. This is expected, as there are ~ 20 times
fewer labeled Pan-STARRS events than ZTF events.

Conclusion

We present a framework for jointly encoding SN events observed across multiple (here, two) surveys.
We show that via a combination of (1) a symmetry-informed embedding, (2) pre-training across a
large range of wavelengths, and (3) enforcing a shared embedding space with contrastive learning,
we can increase accuracy of downstream tasks (e.g., classification) across unique surveys within one
learned representation space.

Future work will expand our training sets to a greater number of surveys (e.g., ATLAS; [28]]) and
present a “production” quality version of this pipeline on Rubin Alert Brokers. We plan to further
quantify reconstruction fidelity as a function of the input and reconstructed wavelengths, such that
future pre-training can target wavelength regimes of poor reconstruction and reduce the need for
extrapolation.
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Table 3: MOSFIT Model Constraints

Parameter Value

kappa 0.1
kappagamma 1000
temperature 3000
codeltatime  0.001

doeltalambda 0.1
redshift 0.02

Table 4: MOSFIT Survey Properties

Survey Bands Mean o); Cadence (d)
ZTF g, r 0.2 2.0
Pan-STARRS g, 1,1,z 0.12 3.0
LSST u,grizY 0.1 4.0
SWIFT B, UVM2, UVW1, UVW2 U,V 0.14 5.0
2MASS H,J, Ks 04 6.0

A  MOSFIT Details

To simulate SN photometry, we use the “default” MOSFIT model [15]] with parameters set according
to Table 3] Observed photometry is generated for the survey bands and limiting magnitudes detailed
in Table[4] Magnitude uncertainties are drawn from Gaussians with means from the table and standard
deviation equal to the means divided by five.

B Supplemental Table

Here we show classification metrics for a random forest trained on ZTF and, optionally, Pan-STARRS
encodings. Including Pan-STARRS encodings during training negligibly affects RF performance.

Table 5: ZTF F;-score (Accuracy) Including/Excluding Pan-STARRS Encodings

Model no PS1 with PS1
3-way 4-way 5-way 3-way 4-way 5-way
Optimal 0.70 (0.90) 0.67 (0.88) 0.63(0.87) 0.71(0.91) 0.67 (0.89) 0.64 (0.88)
No Contrastive  0.70 (0.91) 0.67 (0.88) 0.64 (0.87) 0.70 (0.90) 0.67 (0.88) 0.65 (0.87)
Baseline 0.68 (0.90) 0.64 (0.87) 0.63(0.87) N/A N/A N/A
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